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Investigations were made on the influence of 
various degrees of competition for light at three stand 
densities, on the photosynthetic capacity of le a ve s. 
Consideration was given to both direct effects caused b y 
shading of the leaves in the canopy and to indirect 
effects arising from differences in the rate of growth, 
plant morphology and also possibly physiology of the 
plants. The results showed that heavy shading exerted a 
significant effect in reducing the photosynthetic capacity 
of leaves, with leaves below compensation point having a 
short life span. Leaves which developed in reduced light 
showed a greater resistance to this damage. A return to 
favourable illumination achieved by thinning a crop, was 
found to arrest this damage even after considerable 
reduction in the photosynthetic capacity. The indirect 
effects did not bring about differenc es in the 
photosynthetic capacity of late formed leaves at the 
different densities, however there was indication that 
they did accelerate the ageing of early formed leaves in 
low density plants. Differences between plants and leaves 
grown at different densities became apparent when they were 
temporarily subjected to an unfavourab le environment; 
namely conditions of water stress. 
vi 
At t ention was paid to sever al l eaf factors which 
can influence photosynthesis. This involved observations 
on the differential behaviour of the stoma t a on the two 
leaf surfaces . 
1 
INTRODUCTION 
The influence of stand densi ty on the photosynthetic 
capacity of leaves is inadequately understood. Paucity of 
information on individual leaves in the stand arises from 
the importance attached to the area of foliage and light 
relationships of the latter in determining the dry matter 
production of crops. Since it is the contribution of each 
leaf which eventually integrates in the response of the 
whole community , it was considered essential to obtain 
information about the individual leaf. 
Stand density can affect the photosynthetic capacity 
of leaves by influencing competition for light, water and 
nutrients. Since competition for water and nutrients can be 
reduced if not eliminated , the studies were restricted to 
the effects arising from competition for light. 
Experiments were ca rried out to understand the 
influence of the direc t and indirect effects arising from 
different degrees of competition for light. These studies 
included spacing, thinning, shading 7 debudding and water 
stress experiments. The photosynthetic capacity of 
leaves formed at different stages in the development of 
the plant were compared. 
ageing. 




In agriculture the efficient utilisation of land is 
commonly investigated by studying the influence of 
interplant distance on plant response 9 evaluated in terms 
of some economically important agronomic traito The 
response of the individual plant in these experiments on 
spacing will depend on interplant competition for light, 
water and nutrientso Since competition for water and 
nutrients can be reduced 9 if not eliminated 9 by irrigation 
and application of fertilisers 9 competition for light may 
play an important role at all densities~ Even when water 
or nutrients impose some limitation on the rate of growth 9 
competition for light forms an important component of the 
total competition~ Donald (1958) showed that when two 
grasses were growing at a level of nitrogen supply which 
severely restricted yields, competition for light was an 
important component of the total competitiono Donald (19 61) 
points out that "Light may well be th-e dominant factor of 
competition in cereal crops of northern Europe, in 
fertilised summer pastures of the sub-tropics 9 in tea 
estates of Ceylon and the clover rich pastures of New 
Zealand o " This thesis is devoted to the study of one index 
J 
of plant response - photosynthetic capacity of leaves - as 
a function of competition for light at different stand 
densitieso 
Competition for light may occur whenever leaves on 
the same plant or different plants intercept light and cast 
shadows on other leaves and is perhaps absent only among 
newly emerged crop seedlings or in the sparsely populated 
arid regions where density of the community is limited by 
water supplyo At normal rates of sowing 9 crops and pastures 
develop sufficient foliage to intercept a maximum amount of 
light and in the process a steep gradient in light becomes 
established within the canopy resulting in severe 
competition for lighto Brougham (1956) has recorded that 
when a rye grass - clover pasture was 13 cm~ high at J cmo 
above the ground the light intensity was negligible , while 
in a sward of subterranean clover light absorption can be 
virtually complete (Black 9 1958)0 Hodgson & Blackman 
(1957) have analysed in some detail the influence of 
varying density and stage of development on the light 
gradient in Vicia fabao At high densjties (55- 65 plants/ 
2 
m) the gradient reaches its maximum in the flowering 
phase when at ground level the intensity falls as low as 
At this stage it was estimated that JS% 
of each plant was at or below the compensation pointe When 
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the density was reduced to 11-12 plants/m2 the light 
gradient was markedly altered, the minimal intensity even 
at the base of the plant was above the compensation point o 
The above mentioned values of light gradients clearly show 
that competition for light can be very severe in crops and 
pastures , the degree of severity depending on the density 
of the stand~ However, the influence of varying degrees 
of competition for light at different densities 9 on the 
photosynthetic capacity of leaves has received very little 
attention (Tanaka & Kawano, -1966). 
The main reason for the paucity of information on the 
individual leaf is probably the development of the concept 
of leaf area index (LAI, leaf area/unit area of land; 
Watson, 1947) and the use of leaf area as a photosynthetic 
index . With the importance attached to LAI, has also come 
the growing belief that it is the area of the foliage and 
its light relationships, rather than any inherent variation 
in efficiency of the leaf, will have by far the greater 
influence on crop growth (Donald , 1961). Niciporovic (1954) 
agrees with the general postulate that the leaf area is a 
more important factor than leaf efficiency , though he 
believes that genotypes of improved leaf efficiency can 
also make significant contribution to greater crop growth 
rate. As a result of this belief the relation between LAI 
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and crop growth has been studied for many plants; pasture 
(Brougham, 1956); crops of Kale and sugar beet (Watson , 
1958); barley (Watson & French, 1959); wheat (Watson, 
Thorne & French 9 1963); subterranean clover (Black 9 19 63); 
maize (Williams , Loomis & Lepley, 1965); Soybean (Shibles 
& Weber
9 
1965); lucerne and clover (Wilfong et alg, 1967) 
and for artificial communities of cotton, sunflower, wheat, 
lucerne plants grown in controlled environments (Ludwig 
et al. , 1965; King & Evans, 1967)~ Opinion is divided on 
the relation between LAI and crop growth. Watson (1958) 
and Black (19 63 ) consider that the LAI of a crop increases 
to an optimum value at which net photosynthesis is maximal 
and that a further increase in LAI results in a decline of 
net photosynthesis. On the other hand, Brougham (1956) 
and Ludwig et al (1965) reported the absence of an optimum 
LAI and found that plants showed no decline in photo-
synthesis or crop growth rate at high LAI values & 
Techniques of growth analysis and measurement of photo-
synthetic rates of communities used in the above studies 
though very valuable in providing an ~ntegrated picture of 
crop response
9 
fail to give information on the photosynthetic 
capacity of individual leaves. The net assimilation rate 
measured by these methods does not allow either the 
separation of physiological from environmental factors on 
6 
one hand or the separation of the physiological components , 
photosynthesis and respiration on the other. 
Besides LAI, the pattern of light distribution within 
the canopy has als o attracted attention as an important 
factor determining crop yield (Saeki, 1963; Verhagen et al~, 
1963; Monteith , 1965). Profiles in light conditions 
within crops have been consid ered by Saeki (19 63 ), who has 
pointed out that not only does the intensity fall 
logarithmically within the crop but als o that the radiation 
penetrating the deeper layers is increasingly enriched in 
the proportion of less photosynthetically active green and 
infra-red. Plant characteristic s such as long petioles in 
dense subterranean clover swards (Black , 1960); leaf angles 
which diminish mutual shading in sugar beet (Watson & Witts , 
1959); erect leaves with reduced leaf area in tea plants 
(Hadfield , 19 68 ); all of which facilitate deeper 
penetration of light within the canopy are considered to 
increase crop production . 
It is considered that the photosynthetic rate of the 
canopy is dependent on the leaf area ~nd the light relations 
of the foliage . At the same time the significance of the 
photosynthetic capacity of leaves in influencing the 
assimilation rate o f the canopy should not be underestimated. 
In any ca se it is the contribution of each leaf that 
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eventually integrates into the response of the whole 
community Milthorpe (1963) considers that the importance 
of light interception is often exaggerated because the 
decrease with depth of the photosynthetic capacity of the 
leaves is not taken into accounto Tanaka & Kawano (19 66 ) 
obse rved that leaves of plants grown at high density had 
lower photosynthetic capacity relative to leaves of plants 
grown at low densityo They hypothesised that reduced 
assimilatory rates under high density conditions are due 
not only to acute competition for light but also reduced 
photosynthetic capacity of leaves . Many other investigators 
(de Wit 9 1965; Duncan et al 9 , 1967; Leach & Watson , 19 68) 
have been conscious of the fact that inherent variation in 
the photosynthetic capacity of leaves would influence the 
assimilation rate of canopies. Despite indications that 
photosynthetic capacity of the individual leaves can 
influence the assimilatory rate of the canopy , no det a il 
studies have been undertaken to investigate the effects of 
stand density on the photosynthetic capacity of leaves . 
It is hoped that information on the individual leaf will 
aid in gaining a better understanding of the overall 
performance of the crop . 
Information on individual leaves would also help in 
proposing models for photosynthetic rates of crops. In 
8 
these studies the illumination of each leaf in the canopy 
is assessed and the net photosynthesis resulting from that 
illumination summed for the entire community. Obviously 
the calculated assimilation rates are dependent on the data 
about the light response curves of the leaves adapted to 
each layer of the foliage canopy. In the absence of this 
information Mansi & Saeki (1953) assumed a single 
generalised light response curve will suffice to represent 
all the leaves in the canopy at a given time. They took no 
account of the changes in assimilation rate with age and 
light environment. More recently in proposing models, 
certain changes in the light response curves with depth in 
the canopy have been assumed (de Wit, 1965; Duncan et al., 
1967). Failure to use precise information about individual 
leaves could partly be responsible for differences between 
the values of assimilation rates predicted using models and 
observed values (de Wit, 1959). The need to use accurate 
information about light response curves in proposing models 
has been emphasised by de Wit (19 65); Monteith (19 65 ); and 
Duncan et al . (19 67). Information on _ the photosynthetic 
capacity of leaves from plants grown at different densities 
obtained in the form of light response curves would 
therefore also be of use in proposing models. 
9 
Effects arising from competition for light. 
One significant effect which arises from competition 
for light is reduced plant weight. Subterranean clover 
plants presumed to be competing only for light, yielded 
34 g . per plant at low density (6/m2 ) but only 0.6 g. per 
plant at high density (1500/m2 ) (Donald , 1951) . It is also 
known that with increasing density not only is there a 
gross reduction in growth of the individual plant but also 
other morphological changes such as elongated internodes , 
reduced reproductive and axillary branching, decreased 
root/shoot ratio and increased leaf area/leaf weight ratio 
(Hodgson & Blackman, 1957; Stern, 1965; Hirai & Mansi , 
1966). No doubt reduced weight of plants with increasing 
density can be explained on the basis of a shortage of 
photosynthates arising from competition for light. But 
differences in morphology in genetically homogenous plants 
of a crop can be considered to reflect deep seated 
physiological differences arising from varying degrees of 
competition for light at different stand densities. The 
nature of these physiological differences and their 
influence on crop production has yet to be properly 
evaluated. It is possible that differences in physiology 
and development of plants grown at different densities can 
influence the photosynthetic capacity of the leaves, These 
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effects can be considered as indirect effects arising from 
competition for light. In addition, reduction of light may 
also have a direct effect on the photosynthetic capacity of 
the leaf during the progressive shading of the leaf within 
the canopy. Rather than being additive, the direct and 
indirect effects probably form a complex interaction in 
influencing the photosynthetic capacity of leaves. 
Direct effects 
Experiments on darkening of attached leaves 
(Hopkinson, 1966; Frank & Kenney, 1955) and detached leaves 
(Leopold & Kawase, 1964) have shown rapid foliar senescence, 
visibly expressed by loss of chlorophyll. Biochemical 
studies (Navasero & Tanaka, 1966) have revealed that 
following darkening the concentration of amino acids in 
leaves rises while protein falls. This change has been 
explained on the basis that there is a continuous turnover 
of proteins in the leaf and with darkening the equilibrium 
shifts in favour of catabolism (Steward & Durzan, 1965). 
The role of light in delaying senescence is apparently not 
merely a photosynthetic energy source~ since it is not 
replaced by ATP or NADPH2 (Woolhouse, 1967). Frank & 
Kenney (1955) observed that an exogenous supply of sucrose 
while not completely preventing the onset of pigment 
destruction appears to delay the process. These experiments 
show that whe re there is a dras tic reduction of light 
within the canopy to very low levels, there is reason to 
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expect rapid foliar senescence s In fact Navasero & Tanaka 
(196 6 ) observed "low light induced " death of leaves 
following the transfer of exposed plants to conditions of 
reduced light .. None of these experiments show whether 
"low light induced" death of leaves can be arrested by 
subsequent favourable illumination . Hence some important 
questions remain unanswered . (1) Does brief reduction of 
light to low levels within the canopy trigger an 
irreversible series of reactions resulting in the death of 
the leaf? (2) If damage caused by short periods of low 
light can be arrested , what length of time does the leaf 
have to remain under low light before damage becomes 
reversible? Answers to these questions will provide 
information on whether cultural practices such as thinning, 
defoliation and removal of cover crop will arrest "low 
light induced" damage to the leaf. 
Direct effects caused by less severe reduction of 
light in tree canopies than by darkening of leaves are also 
known . In considering these results it must be pointed out 
that reduction of light in the canopies of crops and 
pastures would be greater than in trees. Comparison of the 
percentage daylight at the base of trees, crops and 
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pastures reveals this difference (Pinus, 28%; Castanea , 
13%; Monsi & Saeki , 1953; Vicia faba , O. OJ%; Hodgson & 
Blackman , 1957; rye grass - clover, negligible; Brougham , 
1956). Bourdeau & Laverick (1958) observed that shade 
needles of Pinus resinosa and P. strobus had higher 
photosynthetic rates than sun needles on a unit needle 
weight basis. They also report that the nitrogen and 
chlorophyll content generally increased with shading . 
Tranquillini (1954) found that photosynthetic rates of 
shade leaves were four to five times greater than sun 
leaves, on a dry weight basis . Though the lower efficiency 
was attributed to lower chlorophyll content, the 
explanation is questionable because of the doubtful 
relation between chlorophyll content and light saturated 
photosynthesis (Gabrielsen, 1948). Kusumoto (1957) 
observed that sun leaves had higher photosynthetic rates 
than shade leaves on a unit area basis in broad leaved 
evergreen trees. Prolonged shading of leaves can also 
result in inherent changes in the photosynthetic apparatu se 
Existence of such changes are indicated _by the results of 
Behning (1949) who observed that photosynthesis of sun 
leaves in apples was rather uniform for at least 18 days 
under continuous light at 1800 f . c ., in contrast shade 
leaves showed a rapid decline under the same conditions . 
Anatomical changes in the leaf associated with reduction 
of light within the canopy have been presented by Wylie 
(1951). Wylie (loc. cit.) found that the mean volume of 
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blade tissue declines 54% and mean volume of palisade 
tissue 13% in leaves located in the interior of the crown. 
Another field of study from which direct effects due 
to reduction of light could be gauged are the comparative 
studies of sun grown and shade grown plants. It must be 
pointed out that direct comparison of leaves of shade 
grown and shaded leaves within·the canopy, is not strictly 
valid because the former developed under reduced light, 
while the latter to begin with developed under full light 
and subsequently became shaded. Results of the above 
comparisons have been variable, and the photosynthetic 
response apparently depends on the plant being used. 
Bohning & Burnside (1956 , Several herbaceous sp.) and 
Bjorkman & Holmgren (1963 , Solidago virgaurea) found that 
leaves of shade grown plants had lower light-saturated 
photosynthetic rates (unit area basis) than sun grown 
plants. Logan & Krotkov (1969 , Acer saccharum) and Jarvis 
(1964 , Quercus ~traea) observed the opposite result . 
Bjorkman & Holmgren (19 63 ) noticed that leaves of shade 
grown plants had higher photosynthetic rates under low 
light and seemed to be endowed with the power of utilising 
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low light more efficiently. Some of the reasons used to 
explain the lower light saturated photosynthetic rates of 
shade grown plants are, reduced concentration of 
photosynthetic enzymes (Bjorkman , 19 6 8a); higher stomatal 
resistance (Holmgren et al., 19 6 5); higher mesophyll 
resistance (Holmgren, 1968); and poorly developed mesophyll 
(Jackson, 1967). 
Although in the above discussion the degree of 
reduction in light was distinguished in qualitative terms , 
in studies of crop physiology a division based on the 
compensation point is more meaningful . Information on the 
photosynthetic capacity of leaves based on this criter ion 
will help to clarify the controversy over the existence of 
an optimum LAI. It has been argued that above an optimum 
LAI leaves in the canopy below compensation are parasitic 
on the top foliage, thereby accounting for the decre a s e in 
crop growth at high LAI values (Watson, 1958; Davidson & 
Donald , 1958; Black, 1963; Brown et al. , 1966 ). In 
contrast to these results Williams et al. (19 65 ) and 
Shibles & Weber (1965) did not observe a _decline in growth 
at high LAI values. 
Ludwig et al. (1965) explain the absence of an 
optimum LAI on the basis that high LAI values are 
associated with progressively lower respiration rates in 
d 
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the lower leaves of the canopy. The argument being that 
the lower leaves are at compensation point even at low 
light intensities at the bottom of the canopy. In support 
of this explanation they point out that evidence from 
translocation studies with many plants shows that lower 
shaded leaves do not import assimilates from upper younger 
leaves (Jones et al., 1959; Thrower, 1962). Ludwig et al~ 
(1965); Saeki (19 63) and Hopkinson (1966) suggest that 
leaves below compensation point rapidly lose weight and 
die; thereby explaining the absence of an optimum LAI. 
However Donald (19 63 ) mentions that "Work at Adelaide shows 
that leaves below compensation point are of normal 
appearance for a considerable period, until they have lost 
one-third to one-half their dry weight~. Black (1964) also 
considers that supra-optimal LAI values is one of the 
reasons for the failure to obtain maximum productivity in 
crops and suggests artificial manipulation of LAI around the 
optimum LAI as a means of increasing yield . King & Evans 
(19 67 ) point out that reports of the existence of optimum 
LAI under field conditions can be due to continual 
- fluctuation of environmental conditions which preclude any 
adaptation of leaf respiration rate when the leaf falls 
below the compensation point9 In the light of these 
conflicting observations and its importance in understanding 
1 
crop production at high LAI values, information on the 
photosynthetic capacity of leaves , both above and below 
compensation point is surely essential . 
Indirect effects 
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In considering the indirect effects, consideration 
must be given to differences in physiology and development 
of plants at different densities. Since details of 
physiological differences are not known , the discussion 
will be confined to differences in the development of 
plants. In studying the latter the experiments will be 
restricted to the effects arising from differences in 
vegetative and reproductive growth, and root/shoot ratio 
on the photosynthetic capacity of leaves . 
Rapid vegetative and reproductive growth caused by 
decreasing competition for light can influence the 
photosynthetic capacity of leaves by increasing the 
severity of intraplant competition for growth substances 
and nutrients. Woolhouse (1967); Wareing et al. (1968) 
and Meidner (1969) observed that partial defoliation 
causes increased photosynthetic activity in the remaining 
leaves. This rise has been explained as resulting from a 
reduction in intraplant competition for phytokinins 
synthesised by the roots. It is thought that accumulation 
of phytokinins in the remaining leaves causes an increase 
in concentration of carboxylating enzymes in the leaves 
and hence increased photosynthesis . 
Intraplant competition for nutrients 9 especially 
nitrogen 1 as a consequence of active growth , and its 
effect on ageing of leaves has been under investigation 
for a long time (Crowther 1934; Mason & Phillis 9 1934; 
1 7 
Hopkinson, 1964 and Humpheries, 1968)~ It has been shown 
that retarding growth, either by debudding or spraying 
growth inhibitors 9 caused delayed foliar senescence as 
measured by loss of chlorophyll- and/or nitrogen. The 
suggestion has been made that leaf senescence was 
accelerated because growing buds were drawing nitrogen 
from mature leaves due to the inability of the root 
supply to meet the requirements of an actively growing 
plant . It is thought that at all levels of external 
nitrogen the internal concentration falls, ultimately 
reaching a stage when internal concentration of nitrogen 
becomes severely limiting. Gregory (1937) has called this 
the stage of internal starvation and considers it to 
coincide with the stage of maximum leaf area . According 
to this view internal starvation in cotton plants can be 
acute because Crowther (1934) found that simultaneously 
with the rapid transfer of nitrogen and carbohydrates to 
developing bolls the uptake of nitrogen from the soil 
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dropped to almost zero 7 even with much soil nitrogen 
remainingo He attributed this to the starvation of the 
root system for carbohydrates following boll development o 
Though the above experiments have demonstrated that 
reduced growth causes slower decline of nitrogen and 
chlorophyll concentration of the leaf, some important 
questions remain unanswered. 
Firstly, the significance of the increase in 
chlorophyll and nitrogen in leaves of debudded plants 
awaits further investigation in terms of photosynthetic 
activity. It is uncertain whether high concentrations of 
nitrogen and chlorophyll in leaves can be associated with 
high rates of photosynthesis. Tanaka & Kawano (1966) 
observed that leaves of rice plants grown at high density 
had a higher concentration of nitrogen but a lower 
photosynthetic rate relative to leaves of plants grown at 
low density. Likewise Gabrielsen (1948) concluded that in 
many plants 7 chlorophyll above a critical concentration of 
2 4-5 mg/dm had no beneficial effect on photosynthesis . 
Secondly, it is not known whether translocation of 
nitrogen from the leaf is the cause of or an effect of 
foliar senescence. Some experimental evidence suggests 
that the latter may be the case. There are many reports 
of greater longevity of leaves with low nitrogen content 
which clearly implies that leaf senescence is not 
controlled merely by competition for available nitrogen 
(Richards & Templeman, 1936; Schwabe, 1953). Failure to 
associate early foliar senescence in high density grown 
plants with lower leaf nitrogen, supports the above 
argument (Puckridge & Donald, 1966). 
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Finally, the role of the mobilisation influence of 
flowers and fruits in foliar senescence can be questioned. 
Krizek et al. (1966) have reported that plants of Xanthium 
pennsylvanicum showed leaf senescence at approximately the 
same time, whether flower buds were removed or not. 
Leopold et al. (1959) and Janick & Leopold (1961) provide 
evidence to show that the cause of senescence is more 
complex than mere depletion of food reserves. Leopold 
et al. (loc. cit.) observed that both staminate and un-
pollinated pistilate spinach plants, which clearly lacked 
developing fruits, showed typical senescence phenomena. 
Heath (1956) described an experiment in which it was found 
that the decline in growth rate of the main axis of normal 
and debudded cotton plants occurred simultaneously when 
the control plants reached the stage of first flower. 
Heath suggested that this phenomena was associated with 
changes, possibly hormonal, in the apical meristem. 
1, 
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Another growth response due to stand density which can 
influence the photosynthetic capacity of leaves , i s the 
value of the root / shoot ratio. It is well established tha t 
this ratio decreases with increasing density because of 
reduced root growth (Hirai & Mansi, 1966) . Differences in 
root/shoot ratio can influence the photosynthetic capacity 
of leaves either directly by affecting mineral and hormonal 
balance or indirectly by affecting the water balance of the 
plant. It must be pointed out that the decrease in the 
value of the ratio with increasing density could be of 
adaptive significance in another sense. It could be 
interpreted that with increasing density , with competition 
for light becoming severe, the photosynthates are 
preferentially partitioned into tissue - leaves , stems and 
petioles - which directly or indirectly play the role of 
intercepting light. Evidence that root growth becomes 
affected before shoot growth when there is severe int ra p lan t 
competition for assimilates supports the above 
interpretation. (Richardson, 1953; Navarsero & Tanaka , 
19 66) . 
Several papers have been published (see below) on th e 
effects of artificial manipulation of the root / shoot ra t io 
on the assimilation and transpiration rates of plants . In 
considering the results of these experiments, the import a n t 
21 
difference between changes in root/shoot ratio caused 
artificially and that caused as a density response should 
be borne in mind. The former being artificially brought 
about to otherwise similar plants, while the latter is a 
natural response to density in plants which are 
morphologically and physiologically dissimilar . 
Maggs (1964) found that removal of 50% of the roots 
in apple trees did not affect shoot growth and concluded 
that this was because the roots were usually operating 
below their maximum efficiency .. In contrast, others (see 
below) have observed reduced assimilatory rates following 
a similar magnitude of root pruning. These experiments 
suggest that partial excission of roots can affect 
assimilation rates directly as well as indirectly. 
Directly by a reduced supply of minerals absorbed by the 
roots (Humphries , 1958) and by a reduced supply of 
phytokinins synthesised in the roots (Wareing et al . 7 
1968). Indirectly by higher stomatal resistance as a 
consequence of reduced water uptake (Totsuka et al., 1960). 
Besides the influence of artificial manipulation of 
root/shoot ratio on assimilation rates, its effect on 
water balance of the plant and transpiration rate has also 
been investigated . Totsuka & Mansi (19 60 ) observed in 
tobacco that when the ratio of active roots/leaf area 
rl 
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(mg.fw.cm-~) was between 7-4.5 transpiration was constant, 
but below 4.5 transpiration decreased linearly with the 
depression of the ratio; Bialoglowski (193 6 ) was able to 
demonstrate a quantitative relation between root/leaf ratio 
and water loss per unit leaf surface with rooted lemon 
cuttings. Parker (1949) found that the transpiration rate 
per unit leaf area of loblolly pine and red cedar increased 
as a function of the ratio of root surface to leaf surface 
but this relation was not proven to be significant in the 
case of privet and red pine. The influence of root/shoot 
ratio on the water balance of the plant can be more serious 
under conditions of soil moisture stress than when water 
supply is non-limiting. Cowan (19 65 ) has predicted the 
transpiration rate of plants with different root densities 
and different soil matric potential (SMP) values. With 
fairly dry soils e.g.-8 bars, he predicted that halving 
the root density would reduce transpiration rate by less 
than half. However the results of Andrews & Newman (19 68 ) 
do not lend support to this prediction. They observed that 
the relative difference in transpiration of pruned ( 6 0% 
roots removed) and unpruned wheat plants decreased during 
drying of the soil to less than -15 bars SMP. Though the 
significance of artificially obtained differences in root / 
shoot ratio on rates of assimilation and transpiration has 
2J 
thus been investigated, the significance of differences in 
this ratio which occur as a stand density response has not. 
Leaf factors influencing photosynthetic capacity of the 
leaf 
Photosynthetic capacity of the leaf depends on the 
following leaf factors (a) diffusion resistances , (b) 
chlorophyll concentration, (c) photochemical efficiency ~ 
(d) 
(f) 
dark (enzymic) reactions, (e) leaf water content and 
leaf respiration. Since both direct and indirect 
effects can influence the photosynthetic capacity of 
leaves by affecting these leaf factors it was decided to 
pay attention to them too. Consideration will now be given 
to the role played by these factors in influencing 
photosynthesis. 
Diffusion resistances 
During the movement of CO2 from the external air 
towards the reaction centre in the chloroplast various 
diffusion resistances are encounteredo The most important 
resistances are located in the unstirred layer of air near 
the leaf surface (r' ) in the cuticle (r' - ), in the 
a C 
stomata (r' ) and in the mesophyll cells (r' ) (Gaastra , 
s m 
1959). Under steady state conditions the rate of 
photosynthesis (P) is equal to the diffusion rate of CO 2 , 





r' + r' + r' 
a s m 
in which Ca and Cchl are the CO2 concentrations in the 
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external air and in the chloroplasts respectively. r' lS 
C 
usually large and, since it is in parallel with r' which 
s 
is relatively small , the combined resistance obtained by 
summing their reciprocals, is effectively the same as r' 
s 
only. The amount of CO2 uptake through the cuticle depends 
on the thickness and permeability of the cuticle 9 Freeland 
(1948) and Dugger (1952) have observed the uptake of CO2 
through the adaxial cuticle of hypostomatous leaves of 
some species . Evidence for negligible cuticular diffusion 
of CO 2 is presented by Barrs (1968) for cotton; and 
Holmgren et al . (1965) for a number of woody and herbaceous 
species. 
r' is the external air resistance of the unstirr ed 
a 
layer near the leaf and is dependent on the size and shape 
of the leaf and wind velocity . 
observed negligible differences 
Ehrler and van Bavel (19 68) 
in r' among three speci e s , 
a 
cotton, sunflower and bean , and conclude that windspeed is 
the principal regulator of r' e It is therefore expected 
a 
that r' may affect photosynthesis at low wind speeds . 
a 
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At high wind speeds, when r' 
a 
is low, photosynthesis 
will be influenced by r' 
s 
+ r' . 
m 
Understanding the 
relative importance of r 1 and r' in photosynthesis is 
s m 
therefore important . Gaastra (1959) and Bierhuizen & 
Slatyer (1964) suggest that r' plays the dominant role in 
m 
CO 2 uptake , while Barrs (1968) considers that photosynthesis 
is controlled effectively by r' , r' being insignificant . 
s m 
Gaastra (loc. cit.) found that the photosynthetic rate 
remained constant despite a 37% decrease in r' , a result 
s 
which he interpreted as being d-ue to limitation of 
photosynthesis by r' values" 
m 
However, the decrease in 
stomatal aperture was brought about by an increase in 
external CO 2 concentration, which would at the same time 
have increased the CO2 gradient into the leaf. By analogy 
with Ohm's law, the increase in resistance would have been 
offset to an unknown extent by an increase in potential ~ 
Holmgren et al. (1965) conclude that differences among 
species in net photosynthesis were caused by differences 
in both r' and r' , but the variation in r' was 
m s s 
considerably larger than the variation in r' . 
m 
r' was originally defined by Penman (1942) as the 
m 
resistance to diffusion in the intercellular spaces . More 
recently it has come to mean the intracellular resistance 
to the diffusive transport between the mesophyll cell walls 
L 
2 6 
and the chloroplast (Gaastra loc. cit.). Meidner (1969) 
points out that there are several separate resistances 
after the gaseous phase and that it is undesirable to refer 
to them collectively as r I 3 
m 
The latter can no doubt be 
sub-divided. The resistance to the movement of CO 2 in the 
cell sap called liquid phase resistance and resistances 
depending on enzymes called chemical resistances. Though 
theoretical considerations warrant such a division their 
separate estimation is likely to be difficult. rt m 
was not measured in experiments _ reported in this discussion 
but r' was measured. 
s 
Since very little is known about 
the individual role played by the stomata on each surface 
of the leaf in regulating photosynthesis it was considered 
desirable to study the relation between r' s of the two leaf 
surfaces, and photosynthesis. 
The relation between stomata and photosynthesis has 
been studied for a long time, It is established that the 
degree of stoma tal opening may have a substantial effect 
on photosynthesis; pronounced limitation of CO 2 entry 
occurring when the stomata are closed or nearly closed 
(Maskell, 1928; Nutman, 1937; Scarth & Shaw, 1951). Other 
investigations have revealed an increase in photosynthesis 
with a decrease in r' following illumination of the leaf 
s 
(Gaastra, 1959; Willis & Balasubramaniam 1 1968) and of 
reduced photosynthesis with an increase in r following 
s 
water stress (Brix , 1962; Troughton, 1969). Though an 
overwhelming body of evidence suggests a close relation 
between stomata and photosynthesis some doubts have been 
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cast on this relationship. Mitchell (1936) and Schneider 
& Childers (1941) observed a considerable quantity of CO 2 
uptake by leaves in which stomata appeared closed. The 
dubious value of concluding that stomates are completely 
shut by examining under microscope is pointed out by Glinka 
& Meidner (1968). They conclude that "anything up to 2µ 
is practically indistinguishable from a closed pore". 
Shimshi (19 69 ) observed the lack of parallelism 
between leaf permeability to viscous flow of air and 
photosynthesis in cotton grown under two water regimes 
and concludes "the lack of correspondence between the 
daily course of photosynthesis and stomatal resistance 
clearly indicates that stomatal resistance is not the 
master resistance governing the rate of CO2 uptake by 
plants". In this connection it is pertinent to note that 
Barrs (1968) and Troughton (1969) using transpiration data 
as an index of r' found a close relation between r' and 
s s 
photosynthesis in cotton. Failure by Shimshi (loc. cit.) 
to observe a relation between r' and photosynthesis may be 
because porometer flow alone may not always provide a 
satisfactory estimate of r' . 
s 
Evidence for this comes 
from recent attempts to correlate parameter flow with 
photosynthesis (Domes & Bertsch, 1969), and stomatal 
diffusive resistance (Gale & Poljakoff-Mayber, 1967), of 
the two leaf surfaces. 
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It is true that parameter methods initiated by Darwin 
& Pertz (1911) have provided valuable information on 
stomata. These parameters indirectly assess r' by 
measuring the resistance to the viscous flow of air (Alvim, 
1962) or diffusion of gases such as H2 , He and N2 0 
(Gregory & Armstrong, 1936; Spanner, 1953; Jarvis & Slatyer, 
1966; and Gale et al., 1967). Parameter readings will 
provide a true estimate of r' 
s 
only if the mesophyll pathway 
resistance is constant and in addition the stomata on 
either leaf surface respond together to changes in the 
environment. Apparently neither of these assumptions are 
always valid. Gale & Poljakoff-Mayber (19 67 ) obse rved, 
during increasing degrees of leaf to air water vapour 
deficit, that the internal leaf resistance increased 
without parallel changes in r' • They proposed that 
s 
increased internal resistance is caused by a compaction of 
the mesophyll in a plane between and parallel to the two 
leaf surfaces. Differential behaviour of the stomata on 
the two leaf surfaces has been reported by Domes & 
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Bertsch (1969). They observed that following illumination, 
the upper stomata were slow to open and when they just 
began to open and the first parameter reading observed , 
the diffusive CO2 uptake through the already opened 
stomata on the lower surface reached two-thirds the final 
value, these workers conclude "Consequently the parameter 
flow alone cannot be a parameter for the CO 2 -exchange''. 
The differential behaviour of the stomata on the two leaf 
surfaces emphasises the need to devote more attention to 
the separate roles of the upper -and lower stomata in 
photosynthesis. 
In the past, interest in upper and lower stomata has 
mainly centered around comparison of their density of 
distribution. Attention has also been given to the size 
of stomatal aperture on either leaf surface . Dale (19 61) 
and Hesketh & Hofstra (1969) observed that the lower 
stomata had wider apertures relative to the upper stomata a 
The significance of the differences in stomatal density 
and size in relation to photosynthesis has yet to be 
properly evaluated. Only a few studies on the relation 
between upper and lower stomata and photosynthesis have 
been made. 
Freeland (1948) observed that CO 2 assimilation may or 
may not show a direct correlation with stomatal frequency 
JO 
on the two leaf surfaces. Brun (1961) and Bretsch & Domes 
(1969) observed that photosynthesis from each leaf surface 
correlated with stomatal distribution. Bretsch & Domes 
(loc. cit.) have demonstrated that CO2 uptake through the 
two leaf surfaces are not independent of each other; if 
CO2 uptake is only possible through one surface of the leaf 
then CO2 flux on this side increases $ Existence of such a 
compensatory relation is apparently not universal. 
Waggoner (1965) made a comparative study of the role of 
the upper and lower stomata in maize and tobacco and 
concluded that in all cases changes in r' of the lower 
s 
stomata substantially changed photosynthesis, while the 
effects of changes of the upper stomata is less effective 
in those asymmetric leaves that have a few narrow upper 
stomata than in symmetric leaves that have numerous wide 
stomata. 
In studies of the relation between r' and photo-
s 
synthesis it is of value to measure them simultaneously . 
Therefore various methods commonly applied for 
investigating stomatal aperture are not suitable for this 
purpose. For obvious reasons infiltration methods, 
microscope observation and impression methods are inadequate . 
A convenient approach is to measure photosynthesis and 
transpiration simultaneously. The transpiration data can 
then be used as an estimate of r's orto calculate r's by 




Once the CO2 molecule reaches the chloroplast then 
the rate of incorporation of the carbon molecule will 
depend on the activity of the carboxylation enzymes. 
Variation in the activity of these enzymes are bound to 
affect that rate of photosynthesis as measured by CO2 
uptake. Goldsworthy (1968) thinks that there is unlikely 
to be any major differences in the value of the Michaelis 
constant for carboxylating enzymes for different plant 
species. Bjorkman (1968a) observed a correlation between 
the activity of ribulose -1,5-diphosphate carboxylase and 
light saturated photosynthesis of sun grown and shade 
grown plants. Evidence that CO 2 uptake in leaves may be 
limited by levels of carboxylating enzymes is presented by 
Wareing et al. (1968) and Treharne & Stoddart (1968). 
Furthermore, Smillie (19 6 2) reports that trends of 
photosynthesis with ageing, parallel the activity of some 
photosynthetic enzymes. 
Photochemical reactions 
In addition to carboxylating enzymes, reduction of 
CO 2 to the level of carbohydrates requires NADPH and ATP 
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which are generated by the light energy absorbed by the 
leaves. The effectiveness of incident radiation in this 
photochemical process will depend on the absorption 
characteristics and photochemical efficiency of the leaf. 
Information on the latter can be conveniently obtained 
as follows. At low and limiting light intensities 
photosynthesis will be determined by the quantum flux. 
Numerous light response curves show a linear relationship 
between light intensity and CO2 uptake at low light levels. 
The initial slope of these curves therefore provide 
estimates of the photochemical efficiency. Gaastra (1962) 
noticed a uniformity in the slope of light response curves 
in different plants and suggested that the intrinsic 
properties of photochemical processes are rather constant 
between species. In contrast to this observation, 
Bjorkman & Holmgren (1963) report that leaves of plants 
grown under shade had a steeper slope in the initial part 
of the light response curve than sun-grown plants. 
Bjorkman & Holmgren (op. cit.) could not find a correlation 
between the changes in photochemical efficjency, induced by 
altering the light regime of plant, and chlorophyll 




The role of chlorophyll in the photochemical reactions 
of photosynthesis has been under investigation for a long 
time. Though significant correlation between chlorophyll 
content and rate of photosynthesis has been reported 
(Bourdeau & Laverick, 1958; Hunt & Cooper, 1967) it is not 
always found (Gabrielsen, 1948). Gabrielsen (lac . cit.) made 
a comprehensive study of the relationship between 
photosynthesis and chlorophyll concentration and concluded 
that chlorophyll (a+b) reaches an optimum concentration at 
4-5 mg/dm2 and increase beyond this concentration does not 
affect photosynthesis. Absence of a correlation between 
CO 2 uptake and chlorophyll concentration has also been 
reported by Wilson & Cooper (1969). They observed that the 
chlorophyll content among mutants of Lolium differed by a 
factor of 9 with no apparent effect on photosynthesis. 
Wilson (19 68) suggests that proportionality between 
photosynthesis and chlorophyll occurs only at low light 
intensities. When correlation is observed under high 
light conditions it is possibly not a direct causal 
relationship, being due to enzymatic effects (Steeman 
ielson , 19 61) or to the same amount of light being spread 
over a larger internal receptive surface (Hunt & Cooper, 
1967). 
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Leaf water content 
Among the numerous factors influencing photosynthesis, 
leaf water content has an important significance. An 
unfavourable balance of water arises not only under 
conditions of soil water deficiency but also due to 
excessive transpiration. Even with optimal conditions of 
soil moisture, the plant cannot always replace loss of 
water caused by rapid transpiration. The relation between 
photosynthesis and water deficits have been studied 
extensively (Negisi & Satto~ 1954; Upchurch et al., 1955; 
Ashton, 1956; Slavik, 1965; Troughton, 1969). The general 
relationship is that reduction of leaf water reduces 
photosynthesis. Water deficit can arfect photosynthesis 
both directly and indirectly. 
It is suggested that direct effects can arise from 
structural changes in the cytoplasm (Levitt, 1956); 
changes in hydration of the chloroplast (Richards & 
Wadleigh, 1952); changes in the activity of photosynthetic 
enzymes (Boyer, 1965). Nir & Poljakoff-Mayber (1967) 
noticed that isolated chloroplasts from water stressed 
leaves have considerably reduced photophosphorylative and 
photoreductive activity. Slavik (1965) sought to gain 
information on direct effects by using thalli of the 
hepatic Conocephallum conicum, thereby eliminating any 
stomata! influence. He concludes that hydration of the 
photosynthetic tissue limited the rate of CO 2 uptake, 
even at the smallest water saturation deficit. 
Indirect effects on photosynthesis due to leaf 
water deficit can arise from changes in diffusive 
resistances and rate of respiration. Of the diffusive 
J S 
resistances, stomata! closure with increasing water 
deficit is one of the widely used explanations to account 
for reduced photosynthetic rates (Brix, 1962; Troughton, 
1969). A few reports have appea~ed where reduced 
photosynthesis cannot be explained purely as a stomata! 
influence (Upchurch et al., 1955; Boyer, 1965). Apart 
from increase in stomata! resistance several investigators 
have observed or anticipated that the mesophyll resistance 
may change with water deficit (Gaastra, 1959; Slatyer, 
1967; Troughton, 1969). Troughton (op. cit.) observed 
that the mesophyll resistance in cotton did not vary 
with relative leaf water content down to 75% but 
increased progressively as the relative water content 
dropped from 75% to S6%. 
Though changes in leaf respiration under 
conditions of water deficit could influence net 
photosynthesis, no firm conclusions can be made because 
the former relationship is variable (Brix, 1962; Boyer, 
1965; Greenway & Hiller, 1967). 
Leaf respiration 
The gain in CO2 during photosynthesis is partly 
lost during respiration. The resultant of these 
3 6 
diametrically opposing reactions, "net photosynthesis", 
represents the net amount of CO2 assimilated by the leaf. 
Estimation of actual photosynthetic activity has commonly 
been achieved by adding the respiratory activity measured 
in darkness, to photosynthesis, assuming the former to be 
identical in light and darkness. This assumption however 
has been questioned (Thomas, 1965) and it has been 
suggested that in light, the processes involved in dark 
respiration are suspended and replaced by a different 
process, namely light respiration (Tregunna, Krotkov and 
Nelson, 1966). Light respiration will not be measured 
in experiments presented in this thesis. Photosynthetic 
data will be presented as net photosynthesis and dark 
respiration rates presented separately. 
2.1 Materials 
CHAPTER 2 
MATERIALS AND METHODS 
Experiments were carried out with Gossypium 
hirsutum (c.v. Deltapine) which was selected for the 
following reasons: 
(a) It is a fast growing plant. 
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(b) It has leaves with long petioles and large flat 
laminae which can be conveniently enclosed in a leaf 
chamber when measurement of gas exchange rates are 
made. 
(c) The leaves are amphistomatous. 
(d) It is available as a double haploid stock. 
Single plants were grown in 6 11 diameter pots in a 
medium of vermiculite and perlite and given half strength 
Hoagland's nutrient solution (Hoagland & Arnon, 1950) , 
modified to supply iron as Fe-EDTA (Jacobson, 1951), in 
the morning and water in the afternoon. Experiments were 
conducted in the glass-houses and also in controlled 
environment cabinets of the type described by Morse & 
Evans (19 62 ) 0 The conditions selected depended in part on 
the availability of space at the time of experiment, the 
JS 
controlled environment cabinets being preferred. The 
details of experimental conditions and treatments will be 
presented along with each experiment. Plants from the 
glass-house and growth cabinets were transferred to the 
laboratory to carry out gas exchange studies and 
subsequently returned to the plant community in order to 
maintain the density there. 
2.2 Methods 
2.2.1 Gas exchange studies 
The apparatus used for these studies was basically 
similar to that of Jarvis and Slatyer (196 6 ) which enables 
the measurements of water vapour and carbon dioxide 
exchanges between each surface of the leaf and surrounding 
atmosphere and stomatal diffusive resistance. 
Measurements were made on leaves attached to the plant. 
The leaf in question was enclosed in a specially designed 
chamber in which radiation, air temperature and water 
vapour concentrations were controlled. Continuous 
measurements were made with a potentiometric strip chart 
recorder (Appendix 1.1). 
(a) Leaf chamber 
Detailed description of the chamber is given by 
Jarvis and Sla tyer ( loc. cit.). It is made of "perspex" 
r 
Plate 1 
Instrwnentation for measuring photosynthesis and 
transpiration showing the infra-red gas analyser and gas 
circuit . 
Plate 2 
Interior of phytotron cabinet showing the leaf chamber 
and lamp house. 
(acrilic plastic), opens into two halves which bolt 
together to enclose a leaf which remains attached to the 
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plant. Each half consists of an annular ring surrounding 
a central cylinder which is divided by the leaf lamina 
into sub-chambers when the halves are assembled. Jl.2 sq. 
cm. of the leaf is isolated in the central sub-chamber and 
the remainder of the leaf is accommodated in the peripheral 
chamber. Each of ' the three sub-chambers has entry and 
exist ports providing independent air circulation. The 
recommended method of sealing the leaf in the central 
chamber using two rubber rings cemented to the faces of 
the central cylinder of the chamber was found 
unsatisfactory because the seals could not be made air-
tight and the leaf was damaged. Various waxes and 
gelatine were tried and of these, commercially available 
"plasticine" modelling clay was found most satisfactory. 
Thin rolls of plasticine were boiled in water before use, 
to remove any water soluble substances. 
The leaf chamber was permanently housed in a 
controlled environment cabinet in order to_ provide 
controlled light and temperature conditions for the 
remainder of the plant during measurements on si~gle 
leaves. 
(b) Air flow circuit 
The air flow circuit was originally designed to 
include two infra-red gas analysers (IRGA) for nitrous 
4o 
oxide and carbon dioxide measurements. Since one of them 
broke down, it was disconnected from the circuit. The 
circuit with the IRGA used for carbon dioxide measurement 
will be described, but the second IRGA to measure nitrous 
oxide in the air stream can be included with only minor 
alterations near the end of the circuit. 
The air flow circuit is shown in simplified and 
detailed forms in Figures 1 and 2. Since it is known that 
rubber and plastic tubing are permeable to carbon dioxide, 
copper and glass tubing, joined with "covar" seals where 
necessary, were used through the complete length of the 
gas circuit. 
Air was drawn by a pump (P1 ) from the roof of the 
building and mixed by a fan in a 44 gallon steel drum. A 
second pump (P2 ) withdrew air from this drum and sent it 
through an air filtering unit into the system. A flow 
regulator (R) (Appendix 1.2) was used to s~ooth the flow 
rate oscillations due to pumping. The relative humidity 
of the air stream was controlled by first passing it 
through a condenser (c 1 ) maintained at 8°c and later 
heating it to the operating temperature of 30°c in a 



















Fig. 1. flow chart of the air circuit; A, air mixing drum; B, humidity control; C, Temperature 
control; D, nitrous oxide control; E, leaf chamber; F, psychrometers; G, mixing flask; 
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Fig. 2. Detail diagram of the systems shown in t he flow cart of 
Figure 1. P, pumps; R, air regulator ; C, condensers; NV, 
needle valves; F, flow meters; MF, mixing flasks; T, taps; 
Psic., psichrometers; G, gapmeters; IRGA, infra-red gas 
analyser. 
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second condenser (c 2 ). In this way water vapour pressure 
of the air was reduced to a value approximately equal to 
the saturation vapour pressure of water in air at 8°C 
(8.04 mm.), provided that the air stream originally 
contained at least this much moisture. In so far as it is 
possible that the incoming air might sometimes be drier 
than this, the control of humidity provided might be 
inadequate. 
The air was then divided into two streams, one 
(reference line) leading direct . to the 11 reference 11 
psychrometer and from there to the "reference" tube of the 
IRGA. The other was divided into three streams, each 
passing to a leaf sub-chamber. Immediately after the 
division of the air streams the branch destined for the 
lower central sub-chamber was led into a mixing flask 
(MF1 ) to be enriched with nitrous oxide for measurement of 
stomatal diffusive resistance. Air flow rates were 
regulated by needle valves (NV1 _5), and measured using 
manometer type flow meters (F1 _4 ) (Appendix 1.J). 
Of the three air streams entering the leaf chamber, 
that entering the peripheral sub-chamber was subsequently 
bled to the atmosphere. The exhaust lines from the two 
central sub-chambers were led to the two "analysis" 
psychrometers. Condensation of water along this length 
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of the circuit which might occur if the ambient 
temperature were lower than the cabinet temperature, was 
prevented by heating this portion of the gas lines with 
electrothermal tape. 
The three psychrometers were immersed in a water 
0 bath maintained at 40 + 0.1 C. After passing through the 
psychrometers the air was led through float type 
flowmeters (G1 _3) (Appendix 1.4), which provided a check 
for air leaks in the system, and subsequently dried by 
sending it through U-tubes immersed in a mixture of ice 
and water before passing to the IRGA for carbon dioxide 
analysis. Complete drying of the air stream was not 
necessary because lead telluride filters in the IRGA 
removed sensitivity of the instrument to water vapour. 
Partial drying of the air stream was necessary to avoid 
condensation. 
It was not possible to measure the rate of carbon 
dioxide exchange from each surface of the leaf continuously 
and separately as this would have required another IRGA. 
Consequently the two air streams from the upper and lower 
leaf surfaces were routinely combined in a mixing flask 
(MF2 ), half bled to the atmosphere through a tap (T8 ) and 
the remainder led through float type flowmeter (G5 ) to the 
analysis tube of the carbon dioxide IRGA which was set for 
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the differential measurement of carbon dioxide 
concentration. By manipulation of taps (T6 and T 7 ) it was 
also possible to measure carbon dioxide concentration in 
the gas stream emerging from passage across either upper 
or lower surfaces of the leaf separately but not 
simultaneously. 
Taps (T1 and T 2 ) were used to bleed the stream of 
air from the central sub-chambers to the atmosphere when 
measurements were not made, for example during periods 
when the leaf was being allowed -to stabilise in the 
ventilated leaf chamber. 
provided a means of by-passing the leaf chambe~ in order 
to determine the zero values of the psychrometer and IRGA 
using a stream of air drawn along the reference line and 
divided into three streams at these taps. All mixing 
flasks were 1000 ml. round bottomed glass flasks provided 
with a small fan internally for efficient mixing of gases. 
( C) Radiation 
The radiant energy source was a Philips HLRG 400W, 
high intensity mercury vapour lamp mounted above the leaf 
chamber. Information on the spectral energy distribution 
of the lamp is presented in Appendix l.8. A silicon 
photocell positioned in the peripheral chamber at the level 
of the leaf continuously measured the incident flux density. 
r 
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The flux density of incident radiation was varied by 
adjusting the distance of the light source and also by 
interposing neutral filters between the leaf and the light 
source . The silicon solar cell placed within the chamber 
at the level of the leaf was calibrated in situ against a 
solarimeter (Appendix 1.5) placed in the position normally 
occupied by the leaf. The radiation flux density was 
+ -2 
measured with a precision of about -lxlO -2 -1 cal.cm .min 
(d) Temperature 
The leaf temperature was estimated by a copper 
constantan thermocouple (44 gauge) inserted through the 
base of the central chamber and touching the under-side 
of the leaf. Another thermocouple in the air space below 
the leaf was used to estimate the air temperature. Both 
thermocouples were shielded with aluminium foil from 
direct radiation. 
~0 . 1°C . 
(e) Water vapour 
The precision of these measurements was 
Transpiration rates from both leaf surfaces were 
monitored simultaneously by measuring the change in 
humidity of the stream of air caused by its passage over 
each leaf surface. Three wet and dry bulb thermocouple 
psychrometers, one each for the upper and lower surfaces 
and one for the 'reference" stream were used. Since the 
r 
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wet bulb depression is obtained as the difference between 
two temperatures each estimated with a precision of ~o.1°c 
the wet bulb depression has a precision of ~0.2°C. The 
transpiration data were used to calculate stomatal diffusive 
resistance to carbon dioxide exchange using the method 
formulated by Bierhuizen and Slatyer (1964). 
(f) Carbon dioxide 
Changes in carbon dioxide produced in the stream of 
air by passage over the leaf were measured using an IRGA 
(Appendix 1.6) set for differential operation. Calibration 
of the IRGA was carried out using known quantities of carbon 
dioxide-nitrogen mixtures obtained by using Wosthoff mixing 
pumps (Appendix 1.7). 
precision of ~0.5 ppm. 
Carbon dioxide was measured with a 
(g) Stomatal diffusive resistance 
Stomatal diffusive resistance was measured by 
enriching the air entering the lower sub-chamber with 
nitrous oxide and allowing the gas to diffuse through the 
leaf into the upper central sub-chamber. The concentration 
of nitrous oxide in the exhaust lines of the upper and lower 
chambers could be measured using a second IRGA. Since the 
latter broke down these measurements had to be discontinued. 
Feeding the air stream with 100% nitrous oxide from 
a cylinder via reducing valves and pressure regulators was 
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found to lack the precision required to meter uniform low 
flow rates of the gas. -1 At an air flow rate of JO l.h . 
used in the system, the corresponding flow rate of nitrous 
oxide to give a concentration of 1000 ppm of nitrous 
-1 
oxide would be only 0.5 ml.min . A steady flow of gas at 
this rate could not be achieved with the available 
regulators. Instead, uniform flow of nitrous oxide was 
obtained by filling a 5 litre Buchner flask with 100% 
nitrous oxide near atmospheric pressure, and displacing the 
f gas with drops of water from a constant head water 
reservoir. The flow of water into the flask was regulated 
by a needle valve. The displaced gas was passed through 
fine capillary glass tubing (thermometer tubing) before 
entering the mixing flask (MFl). The rate of flow of 
nitrous oxide could be altered by varying the rate of 
water inflow. While checking the uniformity in 
concentration of nitrous oxide obtained by this method it 
was observed that over a period of three hours a nominal 
concentration of 1500 ppm nitrous oxide varied by ~1.7%, 
but over a shorter time interval such as that needed to 
make measurements of stomatal diffusive resistance, the 
variation was considerably less. 
(h) Data recording system 
Voltages generated by the various sensors in the 
circuit; IRGA, thermocouples and solar cell, were 
continuously recorded on the ~hart strip of a 
potentiometric recorder (Appendix 1.1) with a span of 
3.0 mV and precision ~3µV. 
(i) Data processing 
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Data from the chart strip was read to the nearest 
0.1% of full scale, converted to digital form manually and 
processed on a C.D.C. 3600 digital computer at the CSIRO 
Division of Computing Research. 
purpose appears in Appendix 2. 
The program used for this 
2 . 2.2 Leaf chlorophylls 
Five leaf discs 1.06 sq.cm. in area were punched 
out from the leaf with a cork borer and macerated with So% 
acetone in a centrifuge tube using a glass pestel. The 
macerate was centrifuged at 3000 rpm. for 5 mins. and the 
supernatant decanted into a 25 ml. volumetric flask. More 
solvent was added t o the macerate and centrifuged, this was 
repeated until the extraction was complete. The extracts 
were combined in a 25 ml. volumetric flask and made up to 
volume. The absorbancy of the extract was measured at 
64 5 nm. and 663 nm. using a Shimadzu type QR 50 
spectrophotometer and concentration of chlorophyll a and 
b calculated using the method formulated by Arnon (1949). 
/, 
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2.2.J Leaf area 
Outlines of leaves used in the gas exchange studies 
were traced on paper and later measured with a tracing 
planimeter. However, when a harvest was made for dry 
weight assessment of plants, the leaf areas were 
determined using an airflow planimeter (Jenkins, 1959). 
2 . 2 .4 Specific leaf weight 
Specific leaf weight (dry weight per cm~) was 
calculated from the dry weight of 10 leaf discs, each 
6 2 -1.0 cm. in area, punched at random from the leaf. 
2.2.5 Relative leaf water content 
Relative leaf water content was determined by the 
method of Barrs and Weatherly (19 62 ) using 10 leaf discs, 
each 1.06 2 . cm. in area, punched at random from the leaf. 
2 . 2 . 6 Total leaf nitrogen 
Total leaf nitrogen was determined by the Kjeldhal 
method. (Association of Official Agricultural Chemists, 
1960.) 
2.2.7 Light intensity 
Light intensity within plant communities were 
measured using a selenium barrier layer photometer 
calibrated in lumens per sq. ft. 
2.J Some comments on the methods 
2.J.1 Effects due to enclosing the leaf in the central 
cylinder of the leaf chamber 
Isolation of part of the leaf by the central 
cylinder of the leaf chamber during gas exchange 
measurements can be criticised (Shimshi, 1967). Shimshi 
points out that attaching a porometer cup causes the 
restricted movement of water into the leaf, resulting in 
its abnormal behaviour. The reason for this conclusion 
. 
was his failure to observe the well-known increase in 
stomatal opening (Iwanoff effect) following ihe excission 
of the petiole in cotton leaves to which porometer cups 
were attached. It must be emphasised that unlike the 
porometer used by Shimshi, the portion of the leaf enclosed 
in the central cylinder of the Jarvis and Slatyer leaf 
chamber can be ventilated and illuminated. While checking 
Shimshi 's conclusion using the latter leaf chamber it was 
observed that occurrence of the "Iwanoff effect" in cotton 
is variable. Investigations on the occurrence of the 
phenomenon under the present conditions show that 
isolation of the leaf by the central cylindfrr does not 
interfere with movement of water into the leaf and thus 
l j renders Shimshi's objection to the use of porometers 
invalid. Furthermore, gas exchange rates reported in this 
so 
thesis are comparable with values reported in the 
literature using whole leaves to which parameters were not 
attached. Hence there was no reason to suspect that 
enclosing the leaf in the central cylinder of the leaf 
chamber interfered with the gas exchange rates. It was 
observed that enclosing the leaf in the leaf chamber for 
periods up to 24 hrs. had no effect on the gas exchange 
rates. Longer periods were not demanded by experiments 
reported in this thesis. 
2.J.2 Difference in rate of transpiration from the two 
leaf surfaces due to differences in irradiation 
levels of the two leaf surfaces 
In this thesis transpiration data from each leaf 
surface was used as an estimate of stomatal diffusive 
resistance. Differences in transpiration between the two 
leaf surfaces can arise, apart from the stomatal influence, 
purely due to differences in rate of evaporation caused by 
direct irradiation of the upper leaf surface. Slatyer and 
Bierhuizen (19 64a) report that difference in temperature 
between the two surfaces never + 0 exceeded -0.S C. 
Estimation of the difference in evaporation from the two 
surfaces was made by measuring the rate of evaporation 
from the two surfaces of a moist green blotting paper 
occupying the same position as the leaf in the leaf chamber. 
Rates of evaporation from the upper and lower surfaces 
-2 -1 
were l.JJ and 1.21 g.H2 0.dm .h . respectively. 
Evaporation from the upper surface was thus about 10% 
higher. 
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2.J.J Error caused by calibration of IRGA on the absolute 
scale 
During Experiment 1 the IRGA was calibrated on the 
absolute scale using 12 ppm carbon dioxide from a cylinder. 
After this experiment a new detector was used in the IRGA. 
j'. Since the IRGA was used to measure_ carbon dioxide exchange 
on the differential scale, possible differences in the 
calibration of the IRGA on the two scales were studied with 
I' 
the new detector in position. The instrument was 
calibrated on the absolute scale by passing carbon 
dioxide-nitrogen mixtures giving 40, 50, 100 and 150 ppm 
carbon dioxide through the analysis tube and carbon 
dioxide free air through the reference tube. Calibration 
on the differential scale was done by passing carbon 
dioxide-nitrogen mixtures giving 280, 270, 262.5 and 240 
ppm carbon dioxide through the analysis tube and a mixture 
containing JOO ppm carbon dioxide sealed in the reference 
tube. It was found that one unit of the potentiometric 
recorder was equivalent to J.l ppm c arbon dioxide on the 
absolute scale and only to 0.9 ppm c arbon dioxide on the 
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differential scale. Since there was a difference of about 
JOO% on the two scales of calibration it was considered 
incorrect to use the sensitivity factor of the earlier 
detector obtained on the absolute scale to calculate the 
carbon dioxide exchange rates of Experiment 1. 
Consequently it was decided to use the sensitivity factor 
of the new detector obtained on the differential scale to 
calculate carbon dioxide exchange rates of Experiment 1. 
Use of the sensitivity factor from a different detector 
may affect the absolute value of carbon dioxide exchange 
rates of Experiment 1 but the general trends of carbon 
dioxide exchange should remain unaltered. For all 
subsequent experiments the IRGA was calibrated on the 
differential scale. 
2.J.4 Difficulty encountered with the wet bulb 
thermocouple of the psychrometer 
Though the wicks of wet bulb thermocouples were 
ventilated by an air flow speed of 25 . -1 m.min (Slatyer & 
Bierhuizen, 1964b), small differences in the position of 
the wicks in the psychrometers affected the values of the 
wet bulb depression measured . Difficulty was encountered 
in matching the wet bulb depression values of the upper 
and lower surfaces and reference air streams exactly. It 
was therefore decided to provide wet and dry bulb 
SJ 
temperature data for each air stream and t o calculate their 
absolute humidities separately, thence deriving 
transpiration by difference, rather than to arrange t he 
thermocouples to give an output proportional to the 
difference between the humidities of reference and analy si s 
air streams. In this way it was possible to check the wet 
bulb depressions at any time and so guard against the 
introduction of errors due to their underestimation. 
The three psychrometers used did not give the same 
estimates of absolute humidity wh~n a single stream of air 
was split and passed through them. It was therefore 
established as a routine that at the beginning of a days 
work a stream of air should be split and passed over the 
psychrometers without having been passed over any plant 
material. The computing program used data from this 
period to calculate apparent absolute humidities and t he n ce 
apparent transpiration rate which were in effec t 
instrumental zeros. These were used to correct 
transpiration rates computed from data obtained with lea f 
material in the apparatus. 
calculated from the formula: 
Accordingly t ranspira tion was 
(H - H ) T = F an ref - instrument z e ro 
A 
where F =airflow rate 
A= leaf area 
H = absolute humidity, analysis line 
an 
H = absolute humidity, reference line 
ref 
During the time course study of the 18th leaf in 
section J of Experiment 2, it was noticed that in the 
psychrometer used in the upper surface air stream the wet 
bulb depression being recorded during the preliminary 
zeroing observations had drifted towards smaller values. 
The wet bulb wick was, therefore, _replaced at week 2 of 
Experiment 4, which followed Experiment 2, and a careful 
comparison of the data in duplicate samples obtained before 
and after the change revealed that the wet bulb 
thermocouple underestimated the transpiration rate before 
the change. Also at week 2 of Experiment 4 the wet bulb 
wick in the psychrometer used in the lower surface air 
stream, which had given a steady zero value during its use, 
was replaced and it was then noticed from comparison of 
duplicate samples that this wet bulb thermocouple had also 
underestimated the transpiration rate before the change. 
On the basis of these two comparisons two correction 
formulae were calculated to permit correction of the data 
which was adversely affected. 
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In examining the psychrometer malfunctioning 
mentioned above, an experiment was carried out to test the 
inaccuracy introduced by using a wet bulb thermocouple not 
giving maximum depression to measure the change in 
absolute humidity of an air stream. The best estimate of 
the absolute humidity of the air stream used in the 
-1 
apparatus appeared to be about 9.90 mg.l . The wick of 
the psychrometer was deliberately adjusted to produce 
varying degrees of underestimation of the wet bulb 
-1 -1 depression values ranging from 9.90 mg.l . to 20.87mg.l o 
and at each stage of adjustment the psychrometer was used 
to estimate the increase in absolute humidity produced when 
the normally used stream of air of humidity about 9.90 mg. 
-1 0 1 . was bubbled through liquid water at 20 C. Table 1 
shows the absolute humidity values computed from these 
observations in columns one and two. 
From column four it can be seen that measurement of 
the increase in absolute humidity of acceptable level of 
accuracy was achieved even when values of the absolute 
humidity of the reference air stream as great as 
-1 17.0 mg.l . were recorded. Thus it was considered that 
-1 
at psychrometer wet bulb zero values above 17.0 mg.l . 
the transpiration rates would be underestimated. Using the 
latter criterion it was noticed that transpiration of the 
TABLE 1 
Estimation of the error caused by using faulty wet bulb 
thermocouple to measure the humidity of an air stream 
Absolute humidity -1 mg.l . 
Reference Moistened Difference Percentage of 
air stream (20°c) best value 
air stream 
9.90 15.43 5.53 100 
lJ.07 18.54 5.47 98.9 
16.04 21.0J 4.99 90.2 
17.22 22.72 5.50 99.5 
17.79 21.22 J.4J 62.0 
20.87 24.51 J.64 65.8 
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upper surface in section J of Experiment 2 and weeks 1 and 
2 of Experiment 4, and of the lower surface in Experiments 
2, J, 5 and weeks 1 and 2 of Experiment 4 would have been 
underestimated. All these transpiration data were 
corrected using the above mentioned correction formulae, 
except transpiration of the upper surface in section J of 
Experiment 2, since the psychrometer zero value was 
drifting during this period and the degree of underestimation 
was not known. 
Despite some possible slight inaccaracies in 
measuring the transpiration rate it was decided to present the 
transpiration data measured at saturating radiation and 
+ 0 leaf temperature of JJ-1 C and use it only as a guide to 
stomatal behaviour in interpreting data on the 
photosynthetic capacity of the leaf. 
The data obtained after week 2 of Experiment 4, 
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where special attention was paid to obtain maximum wet 
bulb depression, was used to calculate stomatal resistance 
values and is presented in Chapter J. Some fundamental 
principles of the relation between stomatal resistance of 
the two leaf surfaces and photosynthesis are then 
discussed .. The formula used to calculate stomatal 




H. - H 
i a - r' 
T a 
where H. = absolute humidity of the internal leaf i 
H = absolute humidity of the air stream 
a 
T = transpiration measured 




It has been mentioned earlier that the precision 
of the temperature measurements in this work is ~o.1°c and 
that estimates of wet bulb depression therefore have a 
· · f _+o.2°c. precision o Assuming ideal psychrometer 
performance, this level of precision would ~esult in 
estimates of transpiration with a precision of ~0.024 g. 
-2 -1 H2 0.dm .hr . when rates of transpiration of the order of 
-2 -1 1.5 goH2 0.dm .hr • are occurring, i.e . at rates typical 
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of brightly illuminated leaves. This is equiv alent to 
=:1.6%. It is noteworthy that at the same rate of 
transpiration and a leaf temperature of J2.8°C the stomata l 
-1 
resistance is of the order of l.lsec.cm . and the 
precision of this estimate is !17.8%. 
2.J.5 Measurement of light in lumens per square foot 
Since an instrument which could be used to measure 
radiation in the canopy in energy units was not available, 
the light intensity in the canopy was measured using a 
selenium barrier layer photometer calibrated in lumens per 
sq.ft . Comparison of the light intensity between four out 
of the five experiments of this thesis, where in particular 
changes in the light environment in the canopy was studied, 
were made possible because the plants were grown in 
controlled environment cabinets using the same source of 
illumination. 
Since energy units, -2 -1 cal. cm . min .. , was used in 
measuring radiation in the leaf chamber during measurement 
of photosynthesis, the compensation point was calculated 
in energy units. In order to make comparisons between the 
-2 -1 
compensation point calculated in cal.cm .min . and the 
light intensity in the canopy measured in lumens per sq. ft. , 
the light intensity in the controlled environment 
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cabinet was calibrated in energy uni ts using a solarimeter 
(Appendix 1 . 5). It was found that 1146 lumens per square ft.= 
-2 . -1 0.1 cal.cm .min 
2.J.6 Sample size 
Complexity of the apparatus used to measure 
photosynthesis imposed limitations on the number of 
replicate measurements in the experiments. All 
measurements were done in triplicate, except Experiment 1 
which was done in duplicate and the mean values have been 
presented. The small sample size did not warrant 
statistical analysis of the data and this limitation was 
taken into consideration in interpreting the results. 
The data on plant height and light intensity in the 
canopy in all experiments are the mean of ten measurements. 
CHAPTER J 
THE RELATION BETWEEN PHOTOSYNTHESIS AND STOMATAL 
DIFFUSIVE RESISTANCE OF THE UPPER AND LOWER LEAF 
SURFACES 
INTRODUCTION 
One of the aims of this thesis was to study the 
relation between photosynthesis (P) and the upper (r' ) 
u 
and lower (r 1 1 ) stomatal diffusive resistance of leaves 
at different stages of development. It was intended to 
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obtain this information while measuring the photosynthetic 
capacity of leaves of plants grown at different densiti es. 
Some fundamental principles of the relation between P, 
r'u and r 1 1 under saturating and non-saturating radiation 
are presented in this chapter. 
The data used in this chapter were obtained during 
the time course study of the 4th (23 to 45 days), 5th 
(46 to 55 days) and the 18th (16 to 44 days) leaves in 
the control plants of Experiment 4. The leaves in this 
experiment as well as other experiments are numbered from 
-the base of the plant with the cotyledonary node being 
number 0. 
MATERIALS 
The cotton plants were grown in a controlled 
environment cabinet under a photoperiod of 16 hours, d ay 
0 . 0 temperature of 33 C and night temperature of 23 C. The 
plants were grown individually with a spacing of 14" 
between the main stems. The light intensity in the 
cabinets was about 2,000 lumens per sq. ft. produced by 
fluorescent tubes and incandescent lamps. 
METHODS 
The leaf selected was sealed in the leaf chamber 
and allowed to stabilise for 1 hour in the dark before 
commencing measurements of gas exchange rates. Total 
carbon dioxide exchange and transpiration rates of the 
two leaf surfaces were measured simultaneously in 
darkness and during stepwise increase in radiation. 
Radiation was increased until a level of photosynthesis 
was reached where further increases in radiation caused 
no further increase in photosynthesis. At saturating 
radiation in addition to total P, photosynthesis from the 
upper surface alone (P) was also measured. 
u 
From these 
two results photosynthesis of the lower surface (P 1 ) was 
calculated by difference. The leaf was not used a 
second time because it was damaged in the course of 
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making some other measurements. A new sample was taken 
each day from the batch of plants in the growth cabinets. 
RESULTS 
3.1 Stomatal distribution 
Table 2 shows that the lower surface of cotton 
leaves has more than twice the number of stomata of the 
upper surface. 
TABLE 2 
The stomatal frequency on each leaf surface 
(Mean of 3 leaves. Stomata were counted 
at 10 different places in each leaf.) 
Leaf Surface No . of Stomata/sq. mm. 
4th leaf 18th leaf 
Upper 92.7 109.9 
Lower 209.3 299.3 
Lower/Upper 2.3 2.7 
3.2 Relation between photosynthesis and stomatal 
resistance at saturating radiation 
3.2.1 Relation between total photosynthesis and stomatal 
resistance of each leaf surface 
Data on total P, r' and r' at saturating 
u 1 
radiation are presented in Table 3 and the correlation 




Relation between photosynthesis, transpiration, stomatal re sistance and ratio of 
resistances of the two leaf surfaces when photosynthesis was measured at 
saturating radiation 
Transpiration Stomatal Resistance 
Total -2 -1 -1 Age g.H20.drn .h . sec.cm . Leaf No. ( days) Photosynthesis 
-2 -1 UJn~er mg. CO 2 . drn . h . Upper Lower Upper Lower Lower 
4 23 12.32 1.09 1.23 5.66 J.J6 1. 69 
29 11.17 1.07 1.20 6.JJ 3.95 1. 60 
Jl 7.41 o. 64 1.14 18.92 5.47 J.46 
32 9.36 0.80 0.94 10.18 6.66 1.53 
36 11.51 0.80 1.19 10.67 J.29 J . 24 
37 12.34 0. 84 1.22 10.69 J.21 3.05 
JS 9.76 0.76 1.07 10.74 J.82 2.81 
4J 6 .36 0.58 1. 25 19.55 J.06 6.39 
44 7.52 0.57 1.17 20.56 4.15 4.95 
45 5.80 0. 64 1.15 1 6 . 81 4.18 4 . 02 
18 16 21.20 1.37 1.53 4.19 2.19 1.91 
16 20.4J 1. 37 1.40 3.09 2.19 1.41 
17 20.64 1. 29 1.39 J.46 1.91 1.81 
22 20.36 1.26 1.37 J,.49 1.87 1.87 
23 18. 64 1. 27 1.24 3.60 3.46 1.04 
23 21.14 1. JJ 1.28 2.42 2.31 1.05 
29 10. 28 0.37 1.39 37.42 2.21 1 6 .93 
29 17.41 1.05 1.22 5.18 2.53 2.05 
JO 16.95 1.10 1. 20 4.66 2.86 1. 63 
36 14. 60 0.94 1.19 7.02 2.89 2.43 
36 17.35 0.98 1.10 6 . 80 4.37 1.56 
37 11. 63 0.90 1.J4 9.06 2.20 4.11 
4J 8.24 0.66 1.08 15.06 4.59 3.29 
43 10.05 0.75 1. 35 12.45 1.87 6 .66 
44 lli-.14 0.98 1. 24 7.08 2.94 2 .41 
5 46 5.27 0.56 1.JO 21. 63 3.10 6.97 
46 4.82 0.38 1.10 40.65 6.78 6.04 
47 J . 63 0.25 0.89 67.56 11.26 6.00 
48 8.11 0.4J 1.26 J0.98 J.41 9.09 
53 6.67 0.44 0.99 26.23 5.28 4.97 
54 1.47 0.21 0.39 8J.4J 40.66 2 . 05 
55 1. 64 0.11 0. 62 167.00 19 .35 8.63 
significant fact which emerges from these results is 
that total Pin the 4th and 18th leaves is negatively 
correlated with r'u but is not correlated with r 1 1 . It 
will be noted that in this period total P declines 53% 
and 61% in the 4th and 18th leaves respectively. 
Towards the end of the time course study of the 
4th and 18th leaves, the 4th leaf was beginning to show 
loss of chlorophyll while the 18th leaf did not show any 
signs of ageing. Data on a more advanced stage of 
ageing of the 4th and 18th leaves could not be obtained 
because by the 45th day both these leaves had been 
destroyed in all available plants. Results on leaves 
which had reached a more advanced stage of ageing are 
presented for the 5th leaf between ages 46 to 55 days in 
Table J. At the 46th day the 5th leaf resembled the 
4th leaf in that it had a pale yellow colouration and by 
the 55th day was beginning to abscise. The correlation 
coefficients (Table 8) show that unlike the relationship 
up to 44 days, the decline of total P during a more 
advanced stage of ageing between 46 to 55 ~ays was 
associated with an increase in both r'u and r 1 1 . 
In subsequent chapters transpiration rate will be 
used as an index of r' and it is, therefore, of interest 
to study the relation between total P and transpiration 
6 4 
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rate of each leaf surface. Table 8 shows that the 
relation between total P and r' is similar to that between 
total P and transpiration. The agreement between the 
values is such as to justify the use of transpiration 
rate as an index of r'. 
A notable feature of Table J is that in a majority 
of cases the ratio based on stomatal resistance (r'u/r' 1 ) 
does not follow the ratio based on stomatal distribution, 
which is 2.J and 2.7 (table 2) for the 4th and 18th 
leaves respectively. The lowest value of r' /r' is 
u 1 
about 1 and the highest value about 17. 
J.2.2 Relation between photosynthesis and stomatal 
resistance of each leaf surface 
Data on Pu' P 1 , r'u and r
1
1 at saturating radiation 
of the 4th and 18th leaves are shown in Table 4 and the 
correlation coefficient of these values shown in Table 8. 
tis clear that a close relation exists between P and 
u 
r'u but not between P 1 and r
1
1 . Table 8 shows another 
interesting difference between the two leaf surfaces. 
Although the decline of total P was related to the decline 
of both Pu and P 1 and the decline of Pu was related to 
an increase in r' 
u' 
changes in r 1 1 . 
the decline of P 1 was independent of 
TABLE 4 
Relation between photosynthesis and stomatal resistance of each leaf surface 
and their ratios when photosynthesis was measured at saturating radiation 
Photosynthesis Stomatal Resistance 
-2 -l 
Age mg.C0 2 .ctm .h . -1 Leaf No. sec.cm . ( days) 
Upper Lower Lower Upper Lower Upper Upper Lower 
4 23 12.42 12.22 0.98 5.66 3.36 1. 69 
29 9.42 12.92 1. 37 6.33 3.95 1. 60 
31 4.54 10.28 2.26 18.92 5.47 J.46 
32 7.67 11.05 1.44 10.18 6.66 1.53 
36 8.60 14.42 1. 68 10.67 J.29 3.24 
37 8.84 15.84 1. 79 10 .69 3.21 3.05 
38 6.91 12.61 1. 83 10.74 J.82 2.81 
43 J.68 9.04 2.46 19.55 J.06 6.39 
44 4.18 10.86 2.60 20.56 4.15 4.95 
45 3.15 8.45 2.68 16.81 4.18 4.02 
18 16 20.06 20.80 1.04 3.09 2.19 1.41 
16 19.28 23.20 1.20 4.19 2.19 1.91 
17 18.69 22.59 1.21 J.46 1.91 1.81 
22 19.01 21.71 1.14 J.49 1.87 1.87 
23 20. 68 21. 60 1.04 2.42 2.31 1.05 
23 17.73 19.55 1.10 J.60 J.46 1.04 
29 3.96 16. 60 4.19 37.42 2.21 16.93 
29 15.68 19.14 1. 22 5 ·.18 2.53 2.05 
JO 15.65 18.25 1.17 4.66 2.86 1. 63 
36 12.12 17.08 1.41 7.02 2.89 2.43 
36 14.22 20.48 1.44 6.80 4.37 1.56 
43 5.32 11.16 2.10 15.06 4.59 3.29 
4J 6.24 lJ.86 2.22 ).2.45 1. 87 6.66 
44 10.99 17.29 1.57 7.08 2.94 2.41 
66 
presented. One might have expected that the ratio Pl/Pu 
would be approximately equal to the reciprocal ratio of 
stomatal resistance r'u/r'l' but comparison of the data 
in Table 4 shows that this is not the case, Pl/Pu being 
consistently lower. 
J.J Relation between total photosynthesis and stomatal 
resistance of each leaf surface at non-saturating 
radiation 
Changes in total P, r'u and r'l during stepwise 
increase in radiation for the 4th and l8th leaves at two 
stages of development are depicted in Figures 3 and 4. 
The correlation coefficient between total P r' 
' u and r'l 
shown in the respective figures indicates a very close 
relation between them. 
It was of interest to know whether the high r' 
values at non-saturating radiation were related to the 
low total P values9 This information was obtained by 
calculating the correlation coefficient (Table 8) between 
total P, r'u and r'l measured at 3 levels of non-saturating 
radiation (Tables 5, 6 and 7). These results were obtained 
from the same leaves whose light saturated photosynthetic 
rate is shown in Table J. Total P of the 4th leaf was 
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net photosynthetic rate of the 4th leaf at two stages 
of development. Age of leaf --- 4 5 days; --- 23 days. 
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Relation between photosynthesis, stomatal resistance and 
ratio of resistances of the two leaf surfaces when 
photosynthesis was measured between O.OJ-0.04 
cal.cm-2.min-l. 
Total Stomatal Resistance 
-1 Leaf Age Photosynthesis sec.cm . 
No. ( days) -2 -1 Upper mg.co 2 . dm .h . Upper Lower Lower 
4 23 3.10 101.42 16.68 6 .08 
29 2.12 83.04 10.96 7.58 
31 3.24 205.17 17.45 11 . 75 
32 3.67 - 51. 69 8.28 6.24 
36 2.78 219.65 16.39 lJ.40 
37 4.71 149.08 10.35 14.40 
38 3.59 188.49 11.74 16.05 
43 2.94 299.54 10.85 27.61 
44 3.01 78.04 12.18 6.40 
45 2.90 69.46 11.22 6.19 
18 16 3.43 84.11 9.73 8.64 
16 J.42 79.54 6. o 5 13.15 
17 3.20 94.60 9.75 9.70 
22 3. 60 79.34 7.26 10.93 
23 4.47 58.41 7.99 7.31 
23 4.07 15.43 5.52 2.80 
29 3.51 60.44 13.18 4.59 
29 2.71 193.19 9.52 20.29 
JO 3.21 292.65 6.54 44.75 
36 3.71 80.02 8.05 9.94 
36 3.59 80.39 14.72 5.46 
37 3.76 69.32 12.56 5.52 
43 4.68 174.41 14.58 11.96 
43 J.88 146.13 27.73 5.27 
44 2.99 32.92 7.52 4.J8 
6 8 
TABLE 6 
Relation between photosynthesis, stomatal resistance and 
ratio of resistances of the two leaf surfaces when 
photosynthesis was measured between 0.07-0.09 
l -2 · -l ca . cm .min . 
Total Stomatal Resistance 
Leaf Age Photosynthesis sec.cm-l. 
No. ( days) -2 -l mg.C0 2 .ctm .h • Upper Upper Lower Lower 
4 23 8.JJ 29.85 7.37 4.05 
29 7.l8 36.74 7.94 4.62 
Jl 5 . 60 l2.50 ll.82 l.06 
32 7.36 2l.OO 5.53 J.80 
36 8.09 73.07 l0.2l 7.l6 
37 8.78 57.25 5.60 l0.22 
38 7.73 J8.40 7.20 5.33 
43 6.00 8l.76 5.43 l5.06 
44 6.68 30.52 7.l9 4.25 
45 4.72 36.90 7.37 5.00 
l8 l6 9.72 30.63 5.96 5.l4 
l6 9.7l 40.26 4.58 8.79 
l7 9.99 44.83 4.87 9.2l 
22 l0.8J l6.76 4.99 3.36 
23 ll.92 7.74 4.39 l.76 
23 l0 . 23 22.37 5.79 J.86 
29 9.26 5l.49 4.04 l2.74 
JO 9.ll 93.34 4.JO 2l.7l 
36 9.84 28.lO 8.77 3.20 
36 9.72 50.34 4.l9 l2.0l 
37 9.8l 29.79 5.66 5.26 
43 7.23 ll2.J2 l0.l7 ll.04 
43 7.33 64.74 l0.06 6.44 
44 l0.48 l4.66 -5.59 2.62 
TABLE 7 
Relation between photosynthesis, stomatal resistance and 
ratio of resistances of the two leaf surfaces when 
photosynthesis was measured between 0.15 - 0.16 
cal . cm-2.min-l. 
Stomatal Resistance 
Total sec.cm-1. 
Leaf Age Photosynthesis 
No. ( days) -2 -1 Upper Lower Upper mg.C0 2 .dm .h • Lower 
4 23 10.96 14.59 6.13 2.38 
29 9.74 17.02 5.05 1.93 
Jl 6.59 _41. JS 9.87 4.19 
32 9.18 18.54 9.84 1.88 
36 10.15 31.16 4.74 6.57 
37 11.68 20.49 4.28 4.77 
JS 9.27 17.69 4.92 J.60 
4J 6.17 33.67 J.68 9.15 
44 6.65 22.27 5.66 3.93 
45 5.85 17.69 4.J4 4.08 
18 16 15.74 11.62 3.25 3.58 
16 14.65 12.24 3.57 J.4J 
17 16.54 7.96 3.36 2.37 
22 17.56 7.01 J.OJ 2.31 
23 17.76 4.59 3.63 1.26 
23 15.60 8.98 4.87 1.84 
29 16.21 9.48 3.17 2.99 
JO 14.91 11.97 3.29 J.64 
36 14. 40 14.77 6.61 2.23 
36 12.26 13.20 5.17 2.55 
37 11.51 lJ.Jl JeJO 4.0J 
4J 9.31 24.75 3.69 6.71 
4J 7.83 J0.4J 7.. OJ 4.JJ 
44 lJ.Jl 11.82 4.22 2.80 
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TABLE 8 
Correlation coefficients for data presented in 
Tables J, 4, 5, 6 and 7 
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Correlation coefficient 
X : y 
1. Photosynthesis measured at saturating radiation 
Total Photosynthesis:Resistance Upper 
Total Photosynthesis:Resistance Lower 
Total Photosynthesis:Transpiration Upper 
Total Photosynthesis:Transpiration Lower 
Pholosynlhes.is Uppcr:Resj stnncc UppPr 
Photosynthesis Lower:Res.isin.nce Lower 
Photosynthesis Upper:Totnl Pllotosynthes.i.s 
Photosynthes.i.s Lower : Tnial Photosynthesis 




O.OJ-0.04 -2 -l cal.cm . min . 
Total Photosynthesis : Resistance Upper 
Total Photosynthesis:Resistance Lower 
-2 -1 0.07-0.09 cal.cm .min . 
Total Photosynthesis:Resistance Upper 
Total Photosynthesis:Resistance Lower 
(~) 0.13-0.16 cal . cm- 2 . min-l 
T~tal Photosynthesis:Resistance Upper 






-0 . 9'.3'* 
-0.29 








* Significant at 5% level 

























Leaf resistance of the two leaf surfaces and 
their ratio measured in darkness 
. Leaf Resistance 
-l 
Age sec.cm . No. (days) Upper Upper Lower Lower 
29 420.22 24.l7 l7.J8 
Jl 253.05 22.94 ll.OJ 
32 2l9.l5 4l.65 5.26 
36 226.63 42.ll 5.38 
JS JlJ.95 l4.68 2l.J9 
l6 93.22 JJ.60 2.77 
l6 89.54 8.48 l0.55 
l7 l24.J2 22.24 5.59 
22 l22.47 29.72 4.l2 
29 335.50 lJ.47 24.9l 
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radiation chosen. Total P of the l8th leaf also did no t 
show a relation to either r'u or r'l when P was measured 
-2 -l between 0.03 and 0.04 cal.cm .min •o The l8th leaf 
differed from the 4th leaf in that total P was related 
to r'u and r'l when measured between 0.07 and 0.09 
-2 -l 
cal.cm .min . and tor' when measured between O.l3 and 
u 
O.l6 -2 . -l cal.cm .min .. 
Figures 3 and 4 reveal an important difference 
between the upper and lower stomata in their response to 
radiation. The light response curves show that between 
-2 -l 0.03 and 0.04 cal.cm .min .r' shows a considerably 
u 
higher value than the corresponding value of r'l· With 
increase in radiation the difference between r'u and r'l 
reduces gradually. This is also apparent from a 
comparison of the values of r'u/r'l ratios in Tables 3, 
5, 6 and 7, which shows a decrease with increase in 
radiation. 
Table 9 shows that the difference between the 




The first part of the discussion will be devoted 
to the relation between total P and r 1 at saturating 
radiation and the second part to the relation at non-
saturating radiation. The close correlation between 
decline of total P and r' 
u 
at all stages of ageing of the 
leaf and between the former and r' 1 only at an advanced 
stage of ageing suggests that the upper stomata age 
faster than the lower stomata. In fact ageing in the 
4th leaf proceeded to a fairly advanced stage visibly 
expressed by a loss of chlorophyll, while yet total P did 
not correlate with r' 1 ~ Ageing of stomata and associated 
reductions in aperture are known for many plants 
(MacDowall, 1963; Hurd, 1969 & Turner, 1969) including 
cotton (Slatyer & Bierhuizen, 1964c). The reason for 
the faster ageing of the upper stomata are not known. 
It is possible that the sequence of ageing within the 
leaf starts at the upper surface. The experiment of 
Bj~rkman & Holmgren (1963) on Solidago virgaurea 
-
suggests that ageing in the leaf starts at the upper 
surface. Bj~rkman & Holmgren (loc.cit.) observed that 
plants from shaded habitats when grown in strong light 
showed pronounced discolouration and destruction of the 
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chloroplasts only in the uppermost layer of palisade 
parenchyma in young leaves, while in old leaves chloroplas ts 
of the spongy parenchyma were also affected. 
The decline of total P and increase of r' at the 
u 
early stage of ageing may be causally related. Thus it 
could be that increase of r' is the factor which limits 
u 
P or it may be that is primarily the reduction of Pin 
the palisade which, by failing to reduce carbon dioxide 
concentration in the upper substomatal cavities, results 
in reduced opening of the upper stomata. Alternatively 
it is possible that the decline of total P and increase 
in r' occur simultaneously during ageing of the leaf 
u 
without causal relationship. Evidence for the latter 
possibility comes from considerations of the changes in 
r' and P of each leaf surface. The results showed that 
although r'u increased, r 1 1 did not show a significant 
increase until late in the life of the leaf. Therefore 
the possibility exists for the reduced P caused by 
increased r' to be compensated for by an increased carbon 
u 
dioxide uptake through the lower stomata. It has been 
demonstrated by Bretsch & Domes (1969) that when carbon 
dioxide uptake through one side of the leaf was prevented, 
then carbon dioxide uptake through the other side 
increased. But the present results showed that P 1 
did not increase, on the contrary there was a decline in 
This P 1 which was related to the decline of total P. 
evidence along with the fact that P 1 declines withou t 
significant increase in r' 1 suggests that the decl i ne of 
P might have taken place independently of any increases 
u 
of r' during ageing of the leaf. 
u 
It is also unlikely 
that decrease of P was responsible for increased r' 
u u 
because the decline of P 1 did not cause any significant 
increase of r' 1 . Thus it is possible that decline in 
total P and increase of r' occur simultaneously during 
u 
ageing of the leaf and are not causally related. 
The results suggest that due to differences in 
the rates of ageing of stomata on the two leaf surfaces 
in the majority of the samples, the ratio based on 
resistance (r'u/r' 1 ) did not follow the ratio based on 
stomatal distribution which is 2e3 and 2.7 for the 4th 
and 18th leaves respectively, Higher values for the 
ratio of r u/r 1 than that based on stomatal frequency 
are to be expected in old leaves if the upper stomata age 
faster than the lower stomata. The existence of a lower 
value of r'u/r' 1 than 2.3 and 2.7 in young leaves reveals 
that individual upper stomata are more open compared 
with lower stomata e These results clearly emphasise 
the need to focus more attention on stomata! capaci ty 
rather than on stomata! number in leaveso 
The observed consistently lower value of P 1 /Pu 
ratio than the corresponding value of r'u/r 1 1 ratio was 
caused by the relatively greater uptake of carbon dioxide 
through the upper leaf surface. This suggests that 
factors such as possibly a lower mesophyll resistance 
value for the upper surface may favour P. 
u 
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The relation between total P and r' at non-saturating 
radiation varied slightly. The close relation between the 
decrease of r' and increase of total P, during the stepwise 
increase in radiation from darkness agrees with the results 
of Gaastra (1959) and Balasubramaniam & Willis (1968). A 
similar relationship between the opening and closing 
phases of the stomata and Pin cotton has been reported 
by Barrs (1968) and Troughton (1969). The results of 
the present experiment contradict Shimshi's (1969) findings 9 
in which he failed to find a relation between changes in 
r' and Pin cotton. As expected, at radiation levels 
lower than those which will saturate the p~otosynthetic 
apparatus, in most cases, P ceased to correlate with 
r' since Pis then limited by light. The 4th leaf follows 
this expectation at all levels of non-saturating radiation 
and the 18th leaf only at the lowest level of radiation. 
The observed discrepancy between the 4th and 18th leaves 
, 
I. 
at two levels of non-saturating radiation could stem from 
differences in the physiological ages of these two sets of 
leaves. Photosynthetic data (Table J) shows that the 18th 
leaf was physiologically younger than the 4th leaf . 
The significance of low r' 1 values at non-
saturating levels of radiation when Pis limited by 
radiation is not altogether clear. It is possible that 
low r 1 1 values could be advantageous when the relatively 
high values of r' under non-saturating radiation 
u 
conditions may offer considerable - resistance to carbon 
dioxide uptake through the upper surface . That lower 
stomata can compensate for high r' values is apparent 
u 
from the results of Domes and Bretsch (1969) . Having low 
r 1 1 values under shaded conditions could endow the leaf 
with a capacity to take advantage of brief periods of 
high radiation (light flecks). 
It was particularly significant to note that the 
upper stomata required higher radiation than lower stomata 
to attain progressively wider stomatal aperture. This 
difference becomes even more striking when 9ne considers 
that light strikes the upper surface of the leaf directly 
and only 1/lOth of the radiation reaches the lower surfa c e 
by transmission . Ehrler and van Bavel (19 6 8) and Brun 
(19 6 1) have also observed this difference between upper 




The persistence of the difference in resistance 
between the two leaf surfaces even in darkness merits 
comment. The higher resistance of the upper surface can 
be due to differences in cuticular resistance and/or 
degree of stomatal closure on the two leaf surfaces . 
TABLE 9a 
Cuticle Thickness 
Thickness of cuticle in microns. Each figure is the 
mean of ten measurements made on one plate. 
Plate No. Upper Cuticle Plate No. Lower Cuticle 
4/1 0.12 11/2 0.17 
5/1 0 .10 12/1 0.17 
11/1 0.21 12/2 0.18 
5/2 0.15 7/2 0.09 
3/1 0.17 9/1 0.13 
5/1 0.12 9/2 0.08 
-
X 0.145 0.137 
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Students t 0.4621, n - 12, no significant difference . 
Brittain (unpublished data, Table 9a) could not observe 
a difference in cuticle thickness on the two leaf surfaces 
in electron micrographs of cotton leaves, which suggests 
that difference in resistances in darkness is probably 
caused by differences in the degree of stomatal closure 
in darkness - the upper stomata closing more effectively 
J. 
/, 
than the lower stomata. The method of measuring 
resistance precludes any positive conclusion as to 
whether the upper stomata are effectively shut while the 
lower stomata are partially open in darkness. The low 
value of resistance for the lower leaf surface agrees 
with the observation of MacDowall (1963) that the lower 
stomata open one hour before morning twilight. There are 
other reports too which indicate that stomata are open 
in darkness in some plants which do not have the 
crassulacean acid metabolism (Holmgren et. al., 1965; 
Schwabe, 1952) but they are not specific as to which side 
of the leaf this observation refers. 
The above discussion serves to emphasise the need 
for a better understanding of the relation between P, 
r'u and r 1 1 in leaves of different stages of development. 
It also points clearly to the need for methods which 
directly measure the capacity of stomata when attempting 
80 
to elucidate the relation between stomata and photosynthesis. 
Extension of this work to cotton and other plants grown 
under different environmental conditions should prove a 
promising and rewarding field for future research. 
CHAPTER 4 
THE INFLUENCE OF GROWING PLANTS AT THREE DENSITIES 
ON THE PHOTOSYNTHETIC CAPACITY OF LEAVES 
EXPERIMENT 1 
INTRODUCTION 
In this experiment it was intended to study the 
influence of growing plants at three densities on the 
r photosynthetic capacity of a leaf . formed early in the 
development of the plant. Photosynthesis was followed 
from the stage when a leaf had completed expansion and 
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was just beginning to be shaded by upper leaves until 
abscission. The fourth leaf was selected for this purpose 
because it was formed on young plants at a stage when 
morphological differences due to density of sowing were 
not evident. Thus any subsequent differences in 
photosynthetic capacity might be interpreted as being 
due to direct and indirect effects arising from competition 
for light. 
A secondary aim of the experiment was to gather 
information on the photosynthetic capacity of leaves 
below compensation point in the canopy. It was hoped 
that this information would provide evidence on the 
significance of possible parasitism of shaded leaves in 
explaining the concept of an optimum leaf area index 
(LAI) . 
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Changes in photochemical efficiency, chlorophyll 
content, transpiration and respiration of the experimental 
leaf, light intensity of the stand at the level of the 
fourth leaf, plant height and yield of dry matter were 
measured, to complement data on photosynthesis. 
MATERIALS 
The experiment was conducted in winter of 1968 in 
controlled environment cabinets. The seeds were sown on 
May 5 in pots in a heated glass house and transferred to 
three cabinets to give the following spacing between main 
stems: 6 inches (high density), 10 inches (medium 
density) and 14 inches (low density). 
The plants were grown under a photoperiod of 1 6 
hours, 0 day temperature of 33 C and night temperature of 
23°c. The light intensity measured at the top of the 
growth cabinet was about 2,000 lumens per square foot 
produced by fluorescent tubes and incandescent lamps. 
METHODS 
Light intensity 
Light intensity at the level of the fourth leaf 
was measured at weekly intervals commencing from the 
J6th day. 
Plant height 
Height measurements were made at weekly intervals 
commencing from the 29th day. 
Dry weight assessment 
Dry weight assessment was made when the plants 
were 105 days old. 
Photosynthesis 
Duplicate measurements of photosynthetic capacity 
were made on the attached fourth leaf at weekly 
intervals from June 17. At commencement of measurements 
the fourth leaf was about 20 days old and 100 sq.ems. in 
area. 
Limitations imposed by the apparatus in handling 
only a single leaf per day forced the spread of 
photosynthesis measurements over 6 days, adhering to the 
following routine: high density, Monday and Tuesday; 
medium density, Wednesday and Thursday and low density, 
SJ 
Friday and Saturday. The following standard daily 
routine was adopted for measuring photosynthesis. The 
fourth leaf was sealed in the leaf chamber and allowed 
to stabilise overnight with the chamber being ventilated. 
The following morning the leaf was illuminated at 
saturating radiation. Total photosynthesis and 
transpiration from each leaf were measured at saturating 
radiation and during stepwise reduction of radiation. 
Finally respiration was measured in darknesse An air 
-1 flow rate of JO l.h . was used when the leaf was 
-1 illuminated and 10 l.h . during measurement of 
respiration. These air flow rates correspond to about 
8.06 and 2.69 exchanges per minute through each half of 
the leaf chamber. At the end of the run the leaf was 
removed from the chamber and chlorophyll concentration 
determined. Since the leaf was damaged during 
measurement of the latter, the same leaf was not used a 
second time. After making these measurements, the plant 
was returned to the growth cabinet to maintain spacing. 
RESULTS 
4.1 Light intensity 
Figure 5 shows the change of light intensity in 
the stand at the level of the fourth leaf. All three 
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Fig. 5. Relationship of light intensity at level of the 4th leaf 
to density and time. 
densities showed a progressive and marked decline of 
light intensity commencing from week 5. The decline was 
earliest in the high density treatment. Light intensity 
dropped to about 10 lumens per sq. ft. by week 8 in the 
high and medium density treatments and by week 9 in the 
low density treatment. This is less than 1% of the 
incident intensity at the top of the canopy. 
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The fourth leaf of the high, medium and low 
density treatments fell below compensation point of about 
114 lumens per sq.ft. by week 7, 8 and 9 respectively. 
4.2 Plant height 
Figure 6 shows that there was a typical height 
response to increased density. The high density plants 
grew taller relative to the other two treatments starting 
from week 6. The medium density plants were slightly 
shorter than low density plants until week 7, thereafter 
they overtook the latter and became significantly taller. 
4.J Dry weight and plant morphology 
Dry weight of the shoot system is shown in Table 
10. Since the weight of roots of plants grown in a medium 
of vermiculite and perlite could not be quantitatively 
estimated, the data is restricted to above ground parts. 
















! HIGH DENSITY 
• MEDIUM DENSITY 







a a L 
• 
4 s 6 7 8 9 10 
Weeks From Sowing 
Relationship of plant height to density and time. 
-plants and not unit ground area because the former method 
of expression is more relevant in these studies. Plate 3 
shows the morphological differences between treatments . 
TABLE 10 
Influence of density on weight of shoot system 
(mean of 5 plants) 
Plant Part 
Dry weight ( g.) 
Main stem 
Stem and petioles 
Lamina 
Axillary branch 
Stem and petioles 
Lamina 
Reproductive structures 





















Table 10 and Plate 3 show that increasing density 
influences growth in the following manner. 
(a) Increased plant height by internode elongation. 
(b) Reduced individual plant weight. 
(c) Reduced axillary branching and reproductive 





Effe ct of stand density on plant morphology. Plants 
were 77 days old. Distance between mainstem A, 6 11 ; B, 
10" and C, 14 11 • 
J 
4.4 Photosynthesis 
Figure 7 shows that the photosynthetic capacity 
of the 4th leaf measured at saturating radiation declined 
rapidly at all densities after week 6. Between weeks 6 
and 7 photosynthesis in the high density declined by 
about 60% and in the medium and low densities by only 
about JO%. Thereafter high density plants continued to 
have a lower value of photosynthesis relative to the 
medium and low densities until week 10, mainly due to the 
difference established between weeks 6 and 7. The 
photosynthetic capacity of the medium and low density 
treatments were not significantly different, except for a 
difference observed at week 8. Abscission of the fourth 
leaf in high density took place during week ll and in the 
other two densities during week 12. 
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The changing shape of the light response curve in 
the high density plants from week 6 until week 10 is shown 
in Figure 8. The light response curves show that with 
time there was a progressive decline in photosynthesis 
not only at saturating radiation but also at lower levels 
of radiation and that the level of radiation required 
for light saturation of photosynthesis decreased 
progressively. Similar trends were also apparent in the 
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Fig.7. Relations hip of photosynthetic capacity of the 4th 
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Comparison of light response curves of the 4th leaf in the high 
density plants from week 6 to week 10. 
-An estimate of the photochemical efficiency 
calculated from the initial slope of the light response 
curve presented in Table 11 shows that it declined at 
all densities after week 6. The decline was fastest in 
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the high density treatment and slowest in the low density 
treatment. It must be pointed out that the slope of the 
light response curve provides only an approximate 
estimate of the photochemical efficiency. 
TABLE 11 
Relationship of photochemical efficiency to density 
and time. (Mean of 2 plants.) 
Photochemical efficiency 
Weeks -2 -1 / -2 -1 from mg.co 2 .ctm .h . cal.cm .min . Sowing 
High Medium Low 
6 102.0 102.0 102.0 
7 40.6 62.5 66.9 
8 20.0 26.6 60.0 
9 12.5 27.5 37.5 
10 8.4 16.9 25.0 
4.5 Respiration 
Table 12 shows that the respiration rate declined 
at all densities after week 6. The high density plants 
had a slightly lower rate of respiration relative to the 
1111 
other two densities. The difference between the medium 
and low density treatments was not consistent. 
TABLE 12 
Relationship of rate of respiration to density and 
time. (Mean of 2 plants.) 
-2 -1 
Weeks from Respiration mg.C0 2 .dm .h . 
Sowing 
High Medium Low 
6 0.93 1.20 1.00 
7 0.67 0.72 0.72 
8 0.60 0.70 0.86 
9 o.48 0.76 0.51 
10 0.18 0.38 0.46 
4.6 Transpiration of the two leaf surfaces 
Figure 9 shows that transpiration of both leaf 
surfaces declined between week 6 and week 10. The 
commencement of decline of transpiration from the upper 
surface is clearly earlier than that from the lower 
surface at all densities. 
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Significant differences between treatments became 
apparent at week 8 when transpiration of the upper surface 
in the high density plants showed a marked decline and 
reached a minimum value. Also from week 8 transpiration 
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Fig.9. Relationship of transpiration rate of the two leaf 
surfaces of the 4th leaf to density and time. 
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Fig.10 . Relationship of chlorophyll content of the 4th leaf 
to density and time . 
lower than in the other two densities. It is significant 
to note that transpiration of the upper surface at the 
low density reached a minimum value earlier than the 
medium density. Transpiration rates of the lower surface 
in the medium and low density treatments were not 
significantly different. 
Chlorophyll content 
Figure 10 shows that chlorophyll concentration 
in the high density plants showed a steady decline from 
week 6 and had a lower value relative to the other two 
densities. Chlorophyll content in the medium and low 
density treatments did not decline until after week 8 
and was not significantly different in these two 
treatments. 
DISCUSSION 
Before discussing the results of this experiment 
an error arising from the routine used in measuring 
photosynthesis must be pointed out. It was mentioned 
earlier that due to limitations imposed by the apparatus, 
photosynthesis measurements of the three treatments were 
spread over six days and that duplicates were measured 
on successive days. Failure to spread the duplicate 
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measurements in a random manner over the 6 day period 
may have introduced some error, but it is unlikely that 
this would alter the observed general relationship 
between the treatments. The time lag between treatments 
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in measuring photosynthesis, transpiration and chlorophyll 
content was taken into account in presenting the results. 
The results showed that after week 6 the 
photosynthetic capacity of the 4th leaf measured at 
saturating radiation declined rapidly at all densities. 
Irrespective of any effects due to density the decline 
of photosynthesis with age of the leaf is well established. 
It has been shown in many plants that photosynthesis 
declines after the leaf has completed expansion (Freeland, 
1952; Nixon & Wedding, 1956 and Hardwick et. al., 1968). 
Comparison of Figures 5 and 7 reveal a close relationship 
between reduction of photosynthetic capacity and light 
intensity at the level of the fourth leaf in the canopy. 
Thus suggesting that the direct effects arising from the 
marked shading of the fourth leaf may play a dominant 
role in the rapid decline of photosynthetip capacity. 
On the basis of this interpretation the observed low 
photosynthetic rates at the high density relative to 
the other two densities is to be expected because of the 
faster reduction of light in the canopy. 
The results showed that a significant difference 
in photosynthesis between the high density plants and 
plants in the other two density treatments became 
established at week 7 when the leaf fell below the 
compensation point·. Chlorophyll and transpiration data 
indicate that the lower value of photosynthesis of high 
density plants at week 7 was not caused by significant 
differences in chlorophyll concentration or stomatal 
resistance between the treatments. It is possible that 
differences in photochemical efficiency observed at 
week 7 may explain the reduced photosynthetic capacity 
of the high density treatment. It will be noted that 
between week 6 and week 7 the photochemical efficiency 
declined by 60% at the high density and only about 40% 
in the other two densities. A notable feature was that 
this decline of photochemical efficiency at all 
densities was not paralleled by any significant decline 
in chlorophyll content, thus suggesting that impairment 
to photochemical efficiency was apparently not caused 
by damage to the light absorption capacitY- of the leaf. 
The absence of a close relation between the initial 
slope of the light response curve and chlorophyll 
content is also evident from the results of Bj~rkman 
and Holmgren (1963). Since proteins are known to be 
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degraded under low light conditions(Navasero & Tanaka, 
1966 & Steward & Durzan, 1965) it is possible that the 
dark enzyme system might also have been affected more 
in the high density treatment. After week 7 the lower 
photosynthetic rates at the high density was associated 
with lower photochemical efficiency, chlorophyll content 
and higher stomatal resistance as indicated by the 
transpiration data. 
The observation that transpiration of the upper 
surface at high density reaches a minimum value earlier 
than that of the lower surface suggests that the upper 
stomatal resistance reaches a maximum value early. 
Likewise, the earlier commencement of decline of 
transpiration of the upper surface, irrespective of 
density suggests that increase in upper stomatal 
resistance starts earlier in the life of the leaf. 
As in the high density, the decline in 
photosynthetic capacity in the medium and low density 
treatments was also associated with a decline in 
photochemical efficiency, chlorophyll content and 
increased stomatal resistance of both leaf surfaces. 
A notable observation was that chlorophyll content at 
medium and low densities did not decline until after 
week 8 but by this time photosynthesis declined by 
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56.S% and 39.8% in the medium and low density treatments 
respectively. The absence of a close relationship 
between chlorophyll content and photosynthesis agrees 
with the results of Gabrielsen (1948) and Wilson & 
Cooper (1969). The observed decline in slope of the 
initial part of the light response curve before week 8 
in the medium and low densities indicates that the 
chlorophyll content was also without beneficial effect 
on the capacity of the leaf to use low radiation. 
Presumably before week 8, decrea·sed photochemical 
efficiency increased stomatal resistance and possibly 
other leaf factors like decreased activity of enzymes 
contributed to the decline in photosynthesis. As at 
high density, transpiration from the upper surface at 
low density reached a minimum value earlier than that 
from the lower surface. In contrast, transpiration from 
both leaf surfaces at medium density reached a minimum 
value at about the same time. The reason for this 
difference between the medium density and the other two 
treatments is not clear. 
The observation that direct effects arising from 
pronounced shading causes damage to the leaf agrees 
with the findings of Navasero & Tanaka (1966) and 
Hopkinson (1966). Although it is widely appreciated 
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that low light can damage the leaf, it is not known 
whether this damage can be arrested and reversed by 
favourable illumination. Seeking answers to these 
questions formed the basis of Experiment 2 (Chapte r 5). 
The results show that leaves formed in full 
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light do not have the capacity to adapt to severe shading 
in the canopy. On the other hand it is known that 
leaves can adapt to shading within the canopy by 
increased chlorophyll content (Bourdeau & Laverick, 
1958) and reduced rate of respiration (Ludwig et. al., 
1965 & McCree & Troughton, 1966). Presumably these 
physiological responses were sufficient to enable 
adaptation to milder reduction of light in the canopy 
than occurred in the present experiment. Since reduced 
light in the canopy appears to play a significant role 
in affecting the photosynthetic capacity of leaves 
formed in full light, it was of interest to extend this 
study to compare the response to marked shading of leaves 
formed in full light or reduced light. This was 
investigated in Experiment J ( Chapter 6). _ 
Although the leaves at low density were more 
favourably illuminated than those at medium density, the 
photosynthetic capacity at these two densities was not 
significantly different. It is possible that this 
observation could stem from the differences in 
magnitude of possible indirect effects a-rising from the 
greater vegetative and reproductive growth shown by 
plants at low density. Hence it was of interest to study 
the significance of any indirect effects due to enhanced 
growth in low density plants on the photosynthetic 
capacity of leaves by artificially reducing their growth. 
This was done in Experiment 4 (Chapter 7). 
These results provide experimental evidence for 
the hypothesis of Ludwig et. al. - (1965); Saeki (1963) 
and Hopkinson (1966) that a leaf below compensation point 
dies rapidly. The latter observation has a bearing on 
the controversy over the existence of optimum LAI. 
Donald (1963) however reports that leaves below 
compensation point survive for a considerable period, 
but does not specify the length of time. It is likely 
that the period for which a leaf exists below compensation 
point depends on the temperature conditions because the 
catabolic reactions on which ageing is dependent are 
temperature sensitive. The significance of temperature 
in controlling the rate of ageing of lower shaded leaves 
is clearly shown by the results of Ludwig et. al. (1965) 
in artificial communities of cotton. Ludwig et. al. 
(lac.cit.) were able to maintain an LAI of 7 at 20°c and 
30°c but not at 4o 0 c, when it dropped to 5.4 within 10 
days through loss of lower leaves. Although the results 
of the present experiment showed that the leaf could 
survive below the compensation point for 2 to J weeks, 
this does not provide evidence that during this period 
the leaf was parasitic on the top foliage. It is 
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unlikely that the leaf was parasitic because translocation 
studies (Jones et. al., 1959 & Thrower, 1962) have shown 
that lower shaded leaves do not import assimilates from 
upper leaves. The observed respiratory loss of carbon 
dioxide while being below compensation point probably 
arises from the catabolic reactions associated with 
breakdown of leaf constituents under reduced light 
conditions and possibly some assimilates synthesised. 
The experimental evidence that the leaf below compensation 
point has a short life span and that lower shaded leaves 
do not import assimilates from upper leaves does not lend 
support to the hypothesis that optimum LAI can be 
explained on the basis of parasitism of the foliage below 
compensation point (Davidson & Phillip, 1958 & Black, 
1963). Search for other reasons to account for reports 
on the existence of optimum LAI is thus called for. 
The results of this experiment suggest that 
irrespective of density, reduced light at the bottom of 
the canopy exerts a significant effect in reducing the 





THE INFLUENCE OF THINNING HIGH DENSITY PLANTS ON 
THE PHOTOSYNTHETIC CAPACITY OF LEAVES 
EXPERIMENT 2 
INTRODUCTION 
Experiment 2 was carried out to investigate 
whether the low light induced damage to the photosynthetic 
capacity of the 4th leaf could be arrested and reversed by 
more favourable illumination such as that caused by 
thinning a crop. It was decided to thin the crop at two 
stages of growth; first an early thinning immediately after 
the 4th leaf fell below compensation point, and, second, a 
late thinning after a longer period below compensation 
point. 
Increased illumination of leaves in the canopy 
occurs not only when a crop . lS thinned but also when 
dominant trees are coppiced or felled, or when cover crops 
are removed. No reference could be found in the literature 
to experiments which have studied the influence of 
favourable illumination on low light induced damage to the 
leaf. Experiments on the converse situation have been 
reported; namely the reversibility of high light induced 
damage to the photosynthetic apparatus following 
retransfer to shaded conditions. Steeman Nielsen 
(l962) observed that when Chlorella grown at a light 
intensity of J klux was transferred to JO klux, 
photochemical processes and rate of enzyme reactions 
were depressed. In the dark, reactivation of both 
processes took place. Likewise Bjtlrkman & Holmgren 
(1963) observed that when Solidago virgaurea plants 
grown at 4 -2 -1 JxlO erg.cm .sec . were transferred to 
light at 4 -2 -1 15x10 erg . cm .sec . ; pronounced depression 
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of photosynthesis occurred; both photochemical efficiency 
and photosynthetic rate at light saturation were strongly 
affected . The photosynthetic rate was restored on 
retransfer to shaded conditions. 
So far consideration has been restricted to the 
4th leaf, which is a leaf formed early in the development 
of the plant and will be referred to as an early formed 
leaf. The term late formed leaf will denote leaves 
formed in older plants after they begin to show 
morphological differences due to stand density. It is 
not known whether inherent physiological differences such 
as those responsible for morphological characteristics 
of plants at different densities affect the photosynthetic 
capacity of late formed leaves. Information on late 
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formed leaves is particularly important because they are 
important sources of assimilates to seeds and fruits of 
crops. Hodgson & Blackman (1957) concluded, after 
experiments on Vicia faba, "The only treatment significantly 
reducing overall development of pods are those in which 
the upper foliage is removed.'' Puckridge (1969) observed 
that at anthesis in wheat, only the top three leaves 
were effective in photosynthesis. Removal of two leaves 
below flag leaf reduced photosynthesis of the community 
by 25-35% and further removal of the flag leaf reduced 
community photosynthesis by an additional 24-30%. 
Information on late formed leaves has been obtained in 
Experiments 2 and 4. 
MATERIALS 
The experiment was conducted in winter of 1969. 
The plants were grown in controlled environment cabinets 
. 0 
under a photoperiod of 16 hours, day temperature of 33 C 
and night temperature of 23°c. The light intensity at 
the top of the cabinets was about 2,000 lumens per sq.ft. 
produced by fluorescent tubes and incandescent lamps. 
The seeds were sown on May 10 in pots housed in 
the glass house and transferred to three controlled 
environment cabinets on May 21. To begin with plants 
were grown at high density (6" between main stems) in 
all three cabinets. Early thinning was carried out in 
one cabinet when the plants were 44 days old to give a 
spacing of 14" between main stems. Late thinning was 
carried out in another cabinet when the plants were 57 
days old to give the same spacing as early thinned 
plants. The plants in the remaining cabinet were 
maintained at the same high density throughout. 
SECTION I 
Comparison of the changes in photosynthetic capacity 
of the 4th leaf with time 
INTRODUCTION 
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In this section the influence of thinning high 
density plants, at two stages of growth, on the 
photosynthetic capacity of the 4th leaf will be considered. 
Changes in photosynthetic capacity of the 4th leaf was 
followed from the stage when the leaf was completing 
expansion until abscission. 
METHODS 
Light intensity 
Light intensity at the level of the 4th leaf was 
measured at weekly intervals commencing from 29 days. 
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Plant height 
Height measurements were made at weekly intervals 
commencing from 16 days. 
Dry weight assessment 
Dry weight assessment was made when the plants 
were 89 days old. 
Photosynthesis 
Photosynthetic measurements of the 4th leaf were 
made at weekly intervals commenc1ng from when the plants 
were 5 weeks old and not 6 weeks as in the previous 
experiment. At this stage the 4th leaf was about 20 days 
old. There were other differences between Experiment l 
and Experiment 2 in measuring photosynthesis. 
Photosynthesis was measured in triplicate in this 
experiment, while previously it was measured in duplicate. 
Measurement in triplicate necessitated measuring 
photosynthesis in two leaves per day; one in the morning, 
and the other in the afternoon. The afternoon sample was 
kept in darkness in the morning to prevent any effects 
arising from photosynthesis in the morning. Secondly, 
measurement of photosynthetic capacity in the replicates 
of the treatments were spread over the week randomly and 
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not measured on successive days as in Experiment 1 . 
Finally the light response curve was obtained by stepwise 
increase in radiation up to saturation level and not a 
stepwise decrease in radiation from saturation level. 
It was checked and found that the manner of altering the 
light regime in obtaining the light response curve did 
not affect the photosynthetic capacity. 
The standard daily routine in measuring 
photosynthesis was as follows. The leaf was sealed in 
the leaf chamber and allowed to -stabilise for 1 hour in 
the dark. Respiration rate was then measured at an 
-1 flow rate of 10 l.h . The air flow was next 
-1 increased to JO l.h . and total photosynthesis and 
transpiration from each leaf surface measured during 
stepwise increase in radiation until saturation was 
reached. At the end of the run the leaf was removed 
from the chamber and chlorophyll concentration, leaf 
area and specific leaf weight determined . Because of 
damage to the leaf in measuring chlorophyll concentration 
and specific leaf weight, the same leaf WqS not used a 
second time. The plant was then returned to the cabinet 
to maintain the spacing. 
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RESULTS 
5.1~1 Light intensity 
Figure 11 shows that light intensity at the level 
of the 4th leaf dropped markedly between weeks 5 and 6 to 
reach a value which was below the compensation point of 
90 lumens per sq. ft. The 4th leaf in the control plants 
remained below compensation point until week 9 when it 
abscissed. At week 6 the light intensity in the canopy 
of the early thinned plants increased significantly and in 
subsequent weeks showed a rapid decline. Even at week 9 
the 4th leaf of the early thinned plants remained above 
the compensation point. As from week 8 the late thinned 
had more favourable illumination than early thinned plants, 
but prior to that the 4th leaf was below compensation 
point for two weeks. 
5.1.2 Plant height 
Figure 12 indicates that plant height showed a 
response to thinning. After week 6 the early thinned 
plants were shorter than the other two tre~tments, but 
with time, because of the reduction in growth of the 
control plants, these two treatments came together and 
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Fig.11. Relationship of light intensity at level of the 4 th leaf 
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Fig.12. Relationship of plant height to thinning and time. 
Arrows indicate time of thinning. 
TABLE l3 
Influence of thinning on weight of shoot system and leaf area 
(Mean of 5 plants) 
Thinning 
Plant Part Control 
Early Late 
(a) Dry weight (g.) 
Main stem 
Stem and Petiole 8.43 + o.48 ll.l4 + o.43 l2.l0 .± 0.59 
Lamina 6 . 28 + 0.44 l0.72 .± 0.29 10.43 .± o.45 
-
Axillary branch 
Stem and Petiole l.28 .± O.l9 5.09 + 0.62 3.49 + 0.30 
' -Lamina 2.23 + 0.3l 7.88 .± 0.90 5.43 + 0.25 
Reproductive structures 2.84 + 0.39 5.89 + 0.97 ll.28 .± 0.99 
Total shoot weight 2l.06 + 0.78 40.7l .± 2.36 42.70 + l.68 
(b) Leaf area (sq.ems.) 
Main stem l469 .± l02 2707 + 72 2693 ±. ll7 




between control and late thinned plants appeare d aft er 
week 8, when the former grew taller. 
5.1.3 Dry weight and plant morphology 
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Table lJ shows that the dry weight of shoots and 
leaf area in the two thinning treatments was about double 
that in the control plants. The shoot weight and leaf 
area in the early and late thinned plants was not 
significantly different. From an agronomic standpoint a 
significant observation was the presence of 91.5% more 
reproductive growth in the late thinned plants relative 
to the early thinned plants. 
Plate 4 shows the control and the plants from 
the two thinning treatments. 
5.1.4 Leaf area 
The area of the 4th leaf is shown in Table 14. The 
leaf area was not different in the three treatments and 
also did not show any significant change during the period 
of study. 
Plate 4 
Effect on plant morphology of thinning high density grown 
plants . Plants were 86 days old. A, control; B, early 
thinning (44 days) and C, late thinning (57 days). 
Distance between mainstem A, 6 11 , Band C initially 6 11 , 
then 14 11 • 
TABLE 14 
Relationship of leaf area to thinning and time 
(Mean of 3 leaves) 
Leaf area (sq. ems.) 
Weeks from Thinning Sowing Control 
Early Late 
5 98.8 108. 3 88.l 
6 93.7 97.4 90.0 
7 102.0 87.1 101.2 
8 87.3 93.3 104.7 
9 106. 2 81.5 94.2 
5.1.5 Specific leaf weight 
Table 15 shows that the specific leaf weight in 
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the control and late thinned plants declined after week 6. 
In contrast, the specific leaf weight in the early thinned 
plants increased after week 6 and reached a maximum value 
at week 8. 
TABLE 15 
Relationship of specific leaf weight to thinning 
and time (Mean of 3 leaves) 
Specific leaf weight ( mg. cm-2.) 
Weeks from Thinning Sowing Control -
Early Late 
5 3.8 3.4 3.4 
6 3.8 3.8 3.9 
7 3.2 4.2 3.1 
8 3.3 4.5 2.9 
9 2.9 4.2 3.1 
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5.1.6 Photosynthe sis 
The relation between photosynthesis and thinning 
is shown in Figure 13 where a clear response to thinning 
is seen. The photosynthetic capacity at saturating 
radiation of the control plants showed a steady and rapid 
decline from week 5 until week 9. The decline was arrested 
in the early thinned plants after week 6 until week 8 and 
was reduced in the late thinned plants after week 7. It 
is evident that the 4th leaf did not show any significant 
increase in photosynthesis after- either early or late 
thinning. 
Figure 14 shows the light response curve of the 
control plants from week 5 to week 9. In this period the 
reduction in photosynthetic capacity at saturating radiation 
is associated with a reduction in the amount of radiation 
required for saturation and a decline in photosynthesis at 
low levels of radiation. Similar trends were apparent 
from the light response curves of early and late thinned 
plants. 
An estimate of the photochemical efficiency 
calculated from the initial slope of the light response 
curves is presented in Table 16. The photochemical 
efficiency in the control and late thinned plants declined 
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Fig.13. Relationship of photosynthetic capacity of t h e 
4th leaf at saturating radiation to thinning and 
time. Arrows indicate time of thinning. 
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fig.14. Comparison of light response curves of the 4th leaf in 
the control plants from week 5 to week 9. 
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hinned plants after week 8. The photochemical ef iciency 
in the early thinned plants showed little impairment even 
at week 9. 
TABLE 16 
Relationship of photochemical efficiency to thinning 
and time (Mean of 3 leaves) 
Photochemical efficiency 
( -2 -1 / -2 -1) 
Weeks from 




5 160 156 155 
6 155 153 160 
7 97 153 111 
8 82 143 80 
9 5 146 90 
5.1.7 Respiration 
Table 17 shows that there was a reduction in 
respiration in the control and late thinned plants after 
week 5 and in the early thinned plants after week 7. After 
week 5 the early thinned plants had a higher respiratory 
rate compared to the other two treatments. 
TABLE 17 
Relationship of respiration rate to thinning and time 
(Mean of 3 leaves) 
Respiration rate 
( -2 -1) 
Weeks from 




5 1.38 1.17 1844 
6 0.86 1.23 0.76 
7 0.69 1.22 0.61 
8 0.61 0.98 0.78 
9 0.80 0.86 0.82 
5.1.8 Transpiration of the two leaf surfaces 
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Figure 15 shows that transpiration rate of the 
upper surface started to decline earlier. After week 6 
transpiration of both leaf surfaces of the control plants 
declined rapidly until week 9. This decrease was 
significantly reduced in the thinning treatments ~ The 
transpiration rate of the two leaf surfaces in the early 
thinned plants was higher than the late thinned plants. 
5.1.9 Chlorophyll content 
Figure 16 shows that chlorophyll concentration 
also bears a clear relationship to thinning. After week 6 
there was a marked decline in chlorophyll content in the 
t 
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Fig.15. Relationship of transpiration rate of the two leaf 
surfaces of the 4th leaf to thinning and time. 




























• E AR LY THINNING 








0 5 6 7 8 
Weeks From Sowing 
Fig.16. Relationship of chlorophyll content of the 4th 
leaf to thinning and time. Arrows indicate 




control and late thinned plants and this decline was 
arrested in the latter treatment after week 8. In contrast 
the chlorophyll concentration increased in the early 
thinned plants after week 6. A noteworthy observation was 
that between weeks 6 and 8 chlorophyll content in the 
control and late thinned plants declined by about 50% 
while in the same period it increased in the early thinned 
plants by JO%. 
DISCUSSION 
The principal point arising from the results of 
this experiment is that low light induced decline of the 
photosynthetic capacity of the leaf may be arrested by 
more favourable illumination. The observation that the 
decline can be arrested in the late thinned plants, even 
after considerable reduction of the photosynthetic 
capacity, suggests that damage continues only as long as 
the leaf remains severely shaded. Evidently the low light 
condition does not trigger off an irreversible reaction 
which rapidly leads to foliar abscission. The data on 
specific leaf weight, photochemical efficiency, chlorophyll 
concentration and stomatal resistance, as indicated by the 
transpiration data, support the above conclusion. 
llJ 
The results show that there was no significant 
increase in photosynthetic capacity following favourable 
illumination of the leaf. This may be expected of late 
thinned plants because thinning was done only after 
considerable reduction of photochemical efficiency, 
chlorophyll content and increase in stomatal resistance e 
Even though the 4th leaf in the early thinned plants was 
below compensation point for a relatively shorter period 
(less than one week) the early thinned plants also did not 
show any significant increase in photosynthesis after 
thinning. One of the possible reasons contributing to 
the failure of the leaf to show any marked increase in 
photosynthesis may have been the progressive shading of 
the 4th leaf after early thinning (Figure 11). Another 
could be the declining photosynthetic capacity due to 
ageing of the leaf (Saeki, 1959). The results on 
photochemical efficiency and chlorophyll concentration 
showed that these two leaf factors were not limiting 
increased photosynthesis following early thinning. 
However the transpiration data shows that O'ne factor 
limiting the increase in photosynthesis could have been an 
increased stomatal resistance. 
The unexpected result was not the absence of 
increased photosynthesis, but the failure to observe 
I· 
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decreased photosynthesis after early thinning. The results 
show that between weeks 6 and 8 the light intensity at the 
l~vel of the 4th leaf declined by about 70%~ From 
Experiment lit is known that comparable reduction in the 
light environment, even before it falls below the 
compensation point, is associated with a considerable 
decrease in the photosynthetic capacitye In addition in 
this period photosynthesis would have also declined due to 
an age effect$ Furthermore the transpiration data suggests 
that between weeks 6 and 8 both upper and lower stomatal 
esistance increased. Instead of a reduction in 
photosynthetic capacity which would follow from the above 
considerations, it was observed that the photosynthetic 
capacity of the early thinned plants remained rather steady 
between weeks 6 and 8. Some of the changes in the leaf 
which may explain these seemingly conflicting results will 
now be considered. 
It will be noted that chlorophyll concentration 
increased by about JO% following early thinning. However 
on the bas·s of Gabrielsen's (1948) studies- on the 
relation between chlorophyll concentration and photosynthesis , 
even prior to early thinning chlorophyll would not have 
been limiting light saturated photosynthesis. Thus it is 




would have had any significant effect in explaining the 
steady photosynthetic capacity between weeks 6 and 8~ 
is worth noting that the increased chlorophyll content 
was without effect on photochemical efficiency of the 
It 
leaf. It is possible that increased specific leaf 
weight, which took place after early thinning, may have 
compensated for the detrimental effects due to low light 
and increase in age of the leaf. Increased specific leaf 
weight suggests synthesis of leaf tissue and since 
photosynthetic rates are expressed on the basis of unit 
area the increased weight of leaf tissue per unit area 
may explain the steady photosynthetic capacity observed 
between weeks 6 and 8. Hunt and Cooper's (1967) 
observation of a relation between photosynthesis and 
specific leaf weight supports the above comments. Also 
Holmgren (1968) reports a close correlation between 
specific leaf weight and mesophyll conductance, 1./r' • 
m 
Increased specific leaf weight and chlorophyll 
concentration in the 4th leaf following early thinning 
were significant observationse Similar increases in 
specific leaf weight, chlorophyll concentration and even 
photosynthetic capacity were observed by Woolhouse (1967) 
in the mother leaf of rooted cuttings of Perilla after 
the removal of younger leaves. These effects were 
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explained as resulting from an accumulation of root factors 
in the mother leaf following reduced intraplant competition 
for root factors in the cuttings. It is unlikely that the 
root factor hypothesis can explain the physiological 
responses in the 4th leaf following early thinning because 
the latter treatment would have increased intraplant 
competition for root factors as a consequence of active 
growth following more favourable illumination of the 
plant~ However, it is possible that the observations on 
the 4th leaf may be related to changes in the hormonal 
balance of the plant following early thinning. Evidence 
for an upset in the hormonal balance comes from the 
increased boll shedding in the early thinned plants 
resulting in 91 .. 5% lower weight of reproductive growth 
than the late thinned plants (Table 13). Although for a 
long time the nutritional theory has been used to explain 
boll shedding (Mason & Phillis, 1934), Eaton and Ergle 
(1953) have questioned its adequacy and suggest that 
boll shedding may be related to the hormonal balance of 
the plant. 
In contrast to early thinned plants, the specific 
leaf weight in the control and late thinned plants 
declined. The absence of an increase in leaf area of 
the 4th leaf in these two treatments indicates that the 
decrease in specific leaf weight was caused by loss of 
leaf material under conditions of severe shading. The 
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loss can arise from respiration and also from translocation 
of leaf material to other parts of the plant. The 
decrease in specific leaf weight following shading in the 
canopy agrees with results of Leach and Watson (1968)9 
Irreversibility of low light induced damage to the 
photosynthetic capacity in this experiment differs from 
the reversibility of high light induced damage to the 
photosynthetic capacity of shade ·grown Chlorella (Steeman 
Nielsen, 1962) and Solidago virgaurea (BjcSrkman & 
Holmgren, 1963). Results of the present experiment 
however cannot be used as evidence of irreversibility of 
low light induced damage because of the failure to maintain 
steady conditions of high illumination at the level of the 
4th leaf following thinning of the crop. The question of 
reversibility of low light induced damage can be 
conclusively answered only by maintaining steady conditions 
of illumination after exposing the leaf to favourable 
illumination, possibly by supplementary artificial 
illumination. 
It follows from these results that cultural 
, practices aimed at improving illumination of plants have 
the benefit of arresting low light induced damage to the 
photosynthetic capacity of leaves. 
SECTION 2 
Comparison of the photosynthetic capacity of early 
and late formed leaves 
INTRODUCTION 
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The purpose of this study was to obtain information 
on whether physiological differences which may arise from 
varying degrees of competition for light as a result of 
thinning a dense crop at two stages of growth, will affect 
the photosynthetic capacity of la~e formed leaves. 
this aim in mind it was decided to compare the 
With 
photosynthetic capacity of the 15th, 18th and 20th leaves, 
at a stage when these leaves were completing expansion on 
top of the plant, in the control and the two thinning 
treatments. Besides comparing the photosynthetic capacity 
of these late formed leaves it was also intended to compare 
it with the photosynthetic capacity of the 4th leaf (early 
formed leaf). 
There is only a very limited amount of work on the 
comparison of the photosynthetic rates in successive 
leaves of individual plants. Gregory and Richards (1929) 
and Hopkinson (1964) observed that photosynthesis 
decreased with increase in nodal position from the base 
of the plant. Gregory and Richards (loc. cit.) report 
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that the photosynthetic rate of the 10th leaf was about 
half of that of the Jrd leaf and explained the "sub-normal" 
later formed leaves as being the result of an age effect 
of the plant influencing the dark enzyme reactions of 
photosynthesis. Hopkinson (loc. cit.) interprets the 
reduction of photosynthesis as resulting from successive 
leaves being shaded progressively earlier in their life 
by developing upper foliage. 
METHODS 
Photosynthesis 
Comparison of the photosynthetic capacity of late 
formed leaves posed a problem as to the stage of 
development of the leaf when successive leaves should be 
compared. Ideally in making such a comparison 
photosynthesis should be followed in each leaf from a 
young stage until the stage when maximum photosynthesis 
is reached, and the maximum values for different leaves 
compared . This method was not possible because the 
dimensions of the leaf chamber were such that the leaf 
had to reach an area of about 90-100 2 cm. before it could 
be used. The 4th leaf took about 20 days to reach this 
size and did not show any significant increase in area 
after this. Due to slightly slower rate of leaf 
• 
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expansion, the late formed leaves in high density plants 
took about 23 days to reach this size. It was observed 
that a major part of expansion of the late formed leaves 
in the 3 treatments was completed when the leaves were 
about 23 days old. Since it is known that photosynthesis 
reaches a maximum value before leaves complete expansion 
(Hopkinson, 1964), it was considered that measuring 
photosynthesis in late formed leaves that were about 23 
days old would provide the best estimate of the maximum 
value possible in the circumstances. 
At the time of measuring photosynthetic capacity in 
the 23 day old 15th, 18th and 20th leaves of the high 
density and late thinned plants, these leaves were not 
shaded by upper foliage and the light intensity at their 
level was about 2,000 lumens per sq.ft. In contrast, the 
light intensity at the level of the 23 day old corresponding 
leaves of early thinned plants was reduced about 40% by 
upper foliage due to faster vegetative growth. 
Photosynthetic capacity of the 15th, 18th and 
20th leaves were measured in triplicate fol1owing the 
same routine mentioned in Section l of this chapter. 
There was a difference of about 2-3 days between the 
appearance of corresponding leaves in the 3 treatments, 
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advantage of this was taken in commencing measurement of 
photosynthesis when the leaves were about 23 days old. 
Measurements of the triplicates were completed in 2 days. 
RESULTS 
Data on the 4th (20 days old of Section 1), 15th, 
18th, and 20th leaves are presented in Table 18. 
5.2.1 Leaf area 
j'. I n the high density plants the leaf area of the 
late formed leaves and the 4th leaf were not different. 
In contrast the late formed leaves in the two thinning 
treatments were larger than the 4th le~f and also larger 
than the late formed leaves of the high density plants . 
The largest leaf area was reached by the late formed 
leaves in the early thinned plants. 
5.2.2 Specific leaf weight 
There was no marked difference between the specific 
leaf weight of the late formed leaves and the 4th leaf in 
any of the treatments. 
5.2.3 Photosynthesis 
In the high density plants the photosynthetic 









Data on the 4th, 15th, 18th and 20th leaves 
(Mean of J leaves) 
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Leaf High Thinning 
number density Early Late 
Leaf area (sq.ems.) 4 98.8 108.3 88.1 
15 87.5 149.7 124.6 
18 100.5 123.8 137.4 
20 89.0 128.6 114.1 
Specific leaf weight 4 3.8 3.4 3.4 
(mg. cm -2 . ) 15 4.1 3.9 3.7 18 4.2 3.7 3.8 
20 3.7 3.8 4.0 
Photosynthesis 4 21.33 21.09 21.04 
( -2 -1) 15 21.74 18.53 20.38 mg.C0 2 .ctm .h . 18 21.70 19.53 18.62 
20 19.43 17.29 19.03 
Photochemical efficiency 4 160 156 155 
( -2 -1 / 15 163 150 155 mg.co 2 .ctm .h . 18 148 133 130 
cal.cm -2 .min -1 . ) 20 152 168 150 
Respiration 4 1.38 1.17 1.44 
( -2 -1) 15 1.09 0.83 0.88 mg. CO 2 . dm • h . 18 0.89 1.11 1. 04 
20 1.13 o.66 1.03 
Chlorophyll ( a + b) 4 57.4 55.0 57.3 
( µg. cm -2 . ) 15 56.4 56. o 52.5 18 62.0 59.8 48.2 
20 61.0 58.7 49.7 
~ 
Transpiration 
( -2 -1) 4 1.26 1.27 1.24 g.H 20.dm .h . 15 1.20 1.10 1.12 
Upper surface 18 1.11 0.98 1.04 20 1.18 1.08 1.12 
4 1.52 1.54 1.55 
Lower surface 15 1.67 1.60 1.66 18 1.42 1.53 1.59 
20 1.49 1.39 1.40 
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saturating radiation was not lower than the 4th leaf, but 
the photosynthetic capacity of the 20th leaf was slightly 
reduced. A similar reduction in photosynthesis was 
observed in the 18th and 20th leaves of the late thinned 
plants and in the 15th and 18th and 20th leaves of the 
early thinned plants. 
The light response curves of' the 20th leaf and the 
4th leaf of the high density plants are shown in Figure 17. 
The light response curves show that the differences between 
the leaves were shown only at saturating radiation. The 
similarity in the initial slope of the light response 
curves of the 4th and late formed leaves is also evident 
from the photochemical efficiency data calculated from the 
initial slope of the light response curves and shown in 
Table 18. 
5.2.4 Respiration 
The respiration rate of some of the late formed 
leaves was lower than that of the 4th leaf in all three 
treatments. 
5.2.5 Chlorophyll content 
Chlorophyll content in the 4th and late formed 
leaves were not different except for the slightly reduced 
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Comparison of the light response curves of the 20th leaf (filled 
symbols) and the 4th leaf of the control plants. 
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5.2.6 Transpiration of the two leaf surfaces 
Transpiration of the upper surface showed a small 
reduction in the late formed leaves relative to the 4th 
leaf, especially in the two thinning treatments. The 
transpiration of the lower surface did not show any 




The reduction in the photosynthetic capacity of the 
late formed leaves observed in the present experiment 
agrees with the findings of Gregory and Richards (1929) and 
Hopkinson (1964). Gregory and Richards (loc. cit.) 
observed that within the first 10 nodes of barley, 
-2 -1 photosynthesis declined from 17.61 to 9.45 mg.co 2 .dm .h . 
Hopkinson (loc. cit.) reports that ~y the Jrd node in 
cucumber, 
-2 -1 
cm . h . 
3 photosynthesis declined from 95 to 66 mm .co 2 . 
Irrespective of any effects due to density the 
reduction in the photosynthetic capacity of the late 
formed leaves in the present experiment is - considerably 
smaller compared to the decline reported for barley and 
cucumber. It is possible that some of the reduction in 
photosynthesis of successive leaves observed by Gregory 
and Richards (loc. cit.) may have been caused by failure 
1 25 
to grow plants under controlled environmental conditions 
and thereby not eliminating variation between leaves 
caused by developing under different environments. But 
the results of Hopkinson (loc. cit.), like that of the 
present experiment, were based on plants grown under 
controlled environment conditions. The smaller reduction 
observed in the present experiment than that reported by 
Hopkinson (loc. cit.) could arise from differences in the 
nodal positions of the leaves whose comparisons are made. 
Hopkinson's (loc. cit.) studies were confined to the first 
three nodes while in the present experiment the 4th leaf 
was compared with the 15th, 18th and 20th leaves. 
It is possible that the observed reduction of 
photosynthetic capacity in the late formed leaves relative 
to the 4th leaf resulted from differences in their 
physiological ages because the leaves were compared only 
on the basis of their chronological age. Alternatively 
the differences in photosynthetic capacity can also 
reflect treatment effects. It is significant to note that 
reduction in photosynthetic capacity was no~ evident in 
the 15th and 18th leaves of the high density plants. The 
latter observation is of significance because the 15th and 
18th leaves were formed in high density plants after they 
showed morphological charactertistics of shade plants. 
I· 
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Hence it is concluded that physiological characteristics 
of high density plants, such as those responsible for 
their morphological features did not affect the 
photosynthetic capacity of the 15th and 18th leaves. On 
the basis of the results of the 15th and 18th leaves it 
is likely that the reduction in photosynthesis observed in 
the 20th leaf of high density plants is more an age effect 
of the plant rather than a density effect. The results 
show that reduced photosynthesis of the 20th leaf was 
caused by leaf factors other than · specific leaf weight, 
photochemical efficiency, chlorophyll content or stomatal 
resistance, as indicated by the transpiration data. 
Assuming that the age effect of the plant begins to 
show at the 20th node, then the reduced photosynthesis 
observed in the late formed leaves at lower nodal positions 
in the two thinning treatments could stem from the 
indirect effects arising from the greater amount of growth 
shown by plants in these treatments (Table 13). Hence the 
results suggest that intraplant competition for 
growth substances (Woolhouse, 1967; Wareing- et. al., 1968) 
and nutrients (Crowther, 1934; Humphries, 1968) resulting 
from a greater amount of growth as a consequence of 
reduced competition for light may affect the photosynthetic 
capacity of the late formed leaves. Also in the early 
thinned plants shading of the experimental leaf by the 
upper foliage could have contributed to the greater 
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reduction in photosynthesis (Hopkinson, 1964). Comparison 
of the data on chlorophyll content and photochemical 
efficiency of Table 18 reveals that those two leaf factors 
were not limiting photo~ynthesis of the late formed leaves. 
However transpiration data suggests that increased upper 
stomatal resistance may hav~ contributed to the reduced 
photosynthetic rates of the late formed leaves in the 
thinning treatments. 
Since the results indicate that active growth 
arising from reduced competition for light may affect 
the late formed leaves, comparison of the photosynthetic 
capacity of the late formed leaves in low density grown 
control and debudded plants of Experiment 4 provided an 
opportunity to a~sess the significance of increased growth 
on the photosynthetic capacity of late formed leaves 
(Section 2, Chapter 7). 
As a continuation of the comparison of the 
photosynthetic capacity in the 4th leaf and late formed 
leaves, it was decided to compare thephotosynthetic 
capacity of the 4th and 18th leaves over a period of 5 
weeks in high density and low density grown plants. 
Comparison of the 4th and 18th leaves in high density 
12 8 
plants is presented in section J of this chapte r and of 
low density plants in Chapter 7. 
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SECTION J 
Compari$Qn of the changes in photosynthetic capacity of 
the 4th and 18th leaves in high density plants 
with time 
INTRODUCTION 
The aim of this experiment was to compare the 
changes in photosynthetic capacity of the 4th and 18th 
leaves in high density plants which take place during a 
period of 5 weeks following the s~age when each of these 
leaves was completing expansion on top of the plant and 
not shaded by the upper foliage. 
METHODS 
Photosynthesis 
Data on the time course study of the 4th leaf of 
sectio~ 1 of this chapter will be used fo r this comparison. 
I nformation on the 18th leaf was obtained by continuing to 
measure the photosynthetic capacity of the 18th leaf at 
weekly intervals, started in section 2 of this chapter, 
for a further period of 4 weeks. Photosynthesis was 
measured in triplicate following the same routine mentioned 
in section 1 of this chapter. 
I , 
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It is likely that the transpiration rate of the 
upper surface in the 18th leaf was slightly underestimated 
after week 1 due to a fault in the wet bulb thermocouple 
used to measure humidity of the upper air stream (see 
section 2.3.4 of Chapter 2). 
RESULTS 
5.3.1 Leaf area 
Table 19 shows that the area of the 18th leaf, 
unlike that of the 4th leaf, show~d a small increase in 
the period of study and reached a slightly greater area 
than the 4th leaf. 
TABLE 19 
Comparison of leaf area of the 4th and 18th leaves 
with time (Mean of 3 leaves) 
Time Leaf area (sq.ems.) 
(weeks) 4th leaf 18th leaf 
1 98.8 100. 5 
2 93.7 109.0 
3 102.0 _108. 3 
4 87.3 118.9 





5.3.2 Specific leaf weight 
There was a difference between the changes in 
specific leaf weight of the 4th and 18th leaves (Table 20). 
The specific leaf weight of the 4th leaf decreased while 
that of the 18th leaf increased to reach a significantly 
higher value than the specific leaf weight of the 4th 
leaf. 
TABLE 20 
Comparison of specific leaf weight of the 4th and 18th 
leaves with time (Mean · of 3 leaves) 
Specific leaf weight 
Time (mg. cm-2.) 
( weeks) 
4th leaf 18th leaf 
1 3.8 4.2 
2 3.8 3.9 
3 3.2 4.5 
4 3.3 5.0 
5 2.9 4.8 
5.3.3 Light intensity 
The rate of decline of light intensity in the 
canopy at the level of the 18th leaf was slower than at 
the 4th leaf (Figure 18). The light intensity at the 4th 
leaf dropped sharply after week 1 and reached a value below 
compensation point. The 4th leaf remained below 
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Fig.18. Comparison of the changes in light intensity at the level 
of the 4th and 18th leaves with time. 
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compensation point until week 5, and thereafter abscisse d. 
There was a marked shading of the 18th leaf only afte r 
week 2, although not to below compensation point even at 
week 5. 
5.3.4 Photosynthesis 
Figure 19 shows that the photosynthetic capacity of 
the 4th and 18th leaves were not different at week l. In 
subsequent weeks differences in the photosynthetic capacity 
between both leaves became progressively larger because of 
the considerably faster rate of decline in the photosynthetic 
capacity of the 4th leaf. The maximum difference was 
observed at week 5 when the photosynthetic capacity of the 
4th and 18th leaves were 0.20 and 16.05 units respectively. 
An estimate of the photochemical efficiency 
calculated from the initial slope of the light response 
curve is shown in Table 21. The results show that the 
photochemical efficiency of the 4th leaf decreased after 
week 2, but the photochemical efficiency of the 18th leaf 
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Fig . 19. Comparison of the changes in photosynthetic 
capacity of the 4th and 18th leaves at 









Comparison of photochemical efficiency of the 4th and l8th 
leaves with time (Mean of 3 leaves) 
Photochemical efficiency 
Time 
( -2 -l / -2 -l) mg.co 2 .ctm .h . cal.cm .min . 
(weeks) · 4th leaf l8th leaf 
l l60 l47 
2 l55 l50 
3 97 l40 
4 82 l54 
5 5 l53 
5.3.5 Respiration 
Table 22 shows that the respiration r ate in the 4 th 
and l8th leaves did not follow a clear trend . 
TABLE 22 
Comparison of respiration rate of the 4th and l8 th 
leaves with time (Mean of 3 leaves) 
Respiration 
Time ( -2 -l) mg.C0 2 .dm .h . (weeks) 
4th leaf l8th leaf 
-
l l.38 0.89 
2 0.86 l.2 l 
3 0. 6 9 0 .82 
4 o.6l 0. 6 5 
5 0.80 0. 6 3 
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Fig.20. Comparison of the changes in transpiration rate 
of the two leaf surfaces of the 4th and 18th 
leaves with time. 
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Fig.21. Comparison of the changes in chlorophyll content of 




5.3.6 Transpiration of the two leaf surfaces 
The changes in transpiration rate of both leaf 
surfaces is shown in Figure 20. Despite the 
underestimation of the transpiration rate of the upper 
surface, the results show that transpiration of both leaf 
surfaces declined to a significantly larger extent in the 
4th leaf than in the 18th leaf. 
5.3.7 Chlorophyll content 
I· Figure 21 shows that the cb,lorophyll content of 
I 
the 4th leaf declined rapidly after week 2, while that of 
the 18th leaf showed a tendency to increase. 
DISCUSSION 
Comparison of the changes in photosynthetic 
capacity of the 4th and 18th leaves in the high density 
plants reveal that the reduction in photosynthetic 
capacity was considerably faster in the 4th leaf. The less 
favourable light environment of the 4th l eaf may explain 
the rapid decline in photosynthetic capacity in this leaf. 
Differences in the light environment between the 4th and 
18th leaves were caused by differences in the rate of leaf 
initiation and expansion above the 4th and 18th nodes. 
The experiment does not provide information on any inherent 
I 
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differences in the rate of decline of photosynthesis in 
the 4th and 18th leaves because the rate of decline of 
light intensity at the level of these two leaves were 
different. The slower rate of decline in photosynthetic 
capacity of the 18th leaf agrees with the findings of 
Larson and Gordon (1969) that the decrease in photosynthetic 
capacity in poplar was slower for leaves at higher nodal 
positions. In contrast, Thorne (1963) reports that before 
ear emergence the photosynthetic rate of leaves in barley 
decreased linearly with time and was slower for the lower 
leaves than for the higher leaves on the shoot. 
The reduction in photosynthetic capacity of the 
18th leaf before it underwent any degree of shading 
before week 2, may be explained as an age effect of the 
leaf (Saeki, 1959; Hardwick et. al., 1968). The results 
show that this initial decline in photosynthetic capacity 
was not caused by reduced chlorophyll concentration or 
photochemical efficiency, but was associated with a 
probable increase of stomatal resistance as indicated by 
the transpiration data. The greater reduction in 
photosynthetic capacity of the 4th leaf at week 2 may be 
related to the marked reduction of light intensity at 
level with the 4th leaf to below compensation point. Even 
in the case of the 4th leaf, between weeks land 2, the 
• 
lJ6 
photochemical efficiency and chlorophyll concentration 
was not reduced but the transpiration data suggests that 
stomatal resistance increased. Hence the results of the 
4th and l8th leaves suggest that irrespective of nodal 
position, the initial decline in photosynthetic capacity 
was not caused by reduced photochemical efficiency or 
chlorophyll content but was associated with increased 
stomatal resistance. It is possible that other leaf 
factors such as enzyme systems were also involved in this 
initial reduction (Smillie, l962) -but no data is available 
on this point. 
After the light intensity at the level of the 4th 
leaf dropped below the compensation point, the rapid 
reduction in photosynthetic capacity of the 4th leaf 
was associated with not only increased stomatal resistance, 
as indicated by the transpiration data, but also with 
decreased photochemical efficiency, chlorophyll content 
and specific leaf weight. Another point of interest was 
that although the light intensity at the level of the l8th 
leaf declined by about 90% between weeks land 5, the 
photosynthetic capacity was reduced by only 25.5%. Of 
this 25.5%, a reduction of l6.J% took place by week 2, 
before the l8th leaf underwent any degree of shading. The 
failure to observe a greater reduction in the photosynthetic 
137 
capacity of the 18th leaf despite a considerable 
reduction in the light environment may be related to the 
increased specific leaf weight observed in this period. 
Increased specific leaf weight (Table 20) under conditions 
of low light contradicts the observation of Hiroi and 
Monsi (1966) and Leach and Watson (1968). It is probable 
that the increased specific leaf weight of the 18th leaf 
possibly reveals a mechanism whereby translocation of 
nutrients (Hopkinson, 1966) and other substances from the 
rapidly ageing early formed leaves of high density plants 
to more favourably illuminated late formed leaves enables 
the maintenance of high photosynthetic capacity in the 
latter. 
The faster decline in the photosynthetic capacity 
of the 4th leaf relative to the 18th leaf, combined with 
the limitation of light at lower levels of the stand, 
suggest that during the latter stages in the life of 
plants in dense stands, such as when they enter the 
reproductive phase, the late formed leaves form the 
important source of assimilates. This diffe~ence between 
early and late formed leaves explains the importance 
attached to upper leaves in crops and pastures; cotton 
(Maskell & Mason, 1930); wheat (Puckridge, 1969); maize 
(Eddowes, 1969); Vicia faba (Hodgson & Blackman, 1957); 
I I 
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reed canary grass (Begg & Wright, 1964 and Brown et. al., 
1966) and a mixed pasture (Brougham, 1956). 
CHAPTER 6 
THE INFLUENCE OF SHADING HIGH DENSITY PLANTS ON THE 




Experiment J is a continuation of Experiment 1. In 
Experiment 1 it was observed that there was a marked 
reduction in photosynthesis of leaves formed in full light 
during its shading by the developing canopy. In Experiment 
J it was decided to extend this study and compare the 
photosynthetic capacity of the 4th leaf in plants grown 
under two light regimes, namely 100% and 40% light, during 
its shading by the upper foliage. 
Information on the response of leaves formed under 
different light environments to shading is of value in 
understanding the behaviour of leaves under field 
conditions. Firstly it provides information on the 
comparison between leaves of plants grown in full light 
and leaves of plants grown in reduced light~ such as plants 
growing under cover crops and shade trees, to increased 
shading. Secondly, even in crops grown in full light, 
since the light environment of developing leaves varies 
with the position of the leaf in the canopy, information 
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on the influence of reduced light on the photosynthetic 
capacity of different leaves in the canopy is required. 
Differences in the light environment of developing leaves 
in the plant arise from the sigmoid growth curve of the 
plant; namely: (1) an early period of slow growth, (2) 
a central period of rapid growth, and (3) a final period 
of slow growth. It is likely that a major part of the 
development of leaves formed in the two slow phases of 
growth occurs in full light and those formed in the rapid 
phase of growth are produced in reauced light, because of 
differences in the rate of leaf initiation and expansion. 
Kumura (1969) measured the photosynthetic rates of leaves 
formed in different light environments in the canopy of a 
crop of soybean and observed that the photosynthetic 
properties of leaves that develop under reduced light in 
the canopy were "Shade leaf like in character". 
The experiments of Bjorkman and Holmgren (19 63; 
1966) and Jarvis (1964) indicate that the photosynthetic 
apparatus is strongly affected by the light regime in which 
the leaf develops and has only a limited capacity to adjust 
to alteration of the light environment. Bjorkman and 
Holmgren (1963) observed that the photosynthetic capacity 
of clones of Solidago virgaurea from shaded habitats was 
significantly reduced when exposed to bright light. 
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Likewise Jarvis (1964) reports that reduction in 
photosynthesis of shade grown leaves of Quercus petraea was 
greater than in sun grown leaves, when exposed to bright 
light. The ecological studies of Blackman and Rutter 
(1948) and Sparling (1967) on herbs in deciduous woodlands 
indicate that leaves formed under reduced light are better 
adapted to survive under the shade of the forest canopy. 
Blackman and Rutter (1948) observed that if the blue bell 
Scilla non-scripta was grown in reduced light intensity, 
during the period of leaf expansion, then they grew better 
under shade conditions of the tree canopy than plants which 
received full light over the initial period. This 
"conditioning" effect was ascribed to the increase in leaf 
area induced by preliminary shading, although it could also 
be related to inherent differences in the photosynthetic 
apparatus. Sparling (loc. cit.) distinguished two groups 
of woodland herbs; first those that take advantage of 
light in the spring phase, the majority of which do not 
survive long after the expansion of the forest canopy, and, 
second, plants which have leaves that expand at the same 
time as the forest canopy or shortly afterwards. The second 
group normally persisted throughout the summer within the 
woodland. These experiments would therefore lead one to 
expect that leaves formed under reduced light in crops are 
d 
better adapted to survive under conditions of severe 
shading than leaves formed in full light. 
MATERIALS 
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Experiment J was conducted along with Experiment 2. 
The control plants of Experiment 2, which were the plants 
grown continuously at high density, were also the control 
plants (100% light) of Experiment J. The shade plants of 
Experiment J were grown at identical high density and 
environmental conditions as the control plants, but under 
40% light. Reduced light intensity was obtained by 
switching off some of the tubes in the controlled 
environment cabinet. Light intensity at the top of the 
cabinets of the control and shade plants were about 2000 
and 800 lumens per sq.ft. respectively, produced by 
fluorescent tubes and incandescent lamps. 
METHODS 
Experimental routines 1n measuring photosynthesis 
and other measurements were identical to those of Experiment 
2. 
RESULTS 
6 .1 Light intensity 
At week 5 light intensity at the level of the 4th 
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Fig . 22. Rela t ionship of light int ensity at level of the 4th leaf to 
shading and t ime . 
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(Fig. 22) and thereafter it declined rapidly in both 
treatments. At week 6 the light intensity of the 4th leaf 
in the control plants dropped below the compensation point 
(69 lumens per sq.ft.) and a week later the light intensity 
of the shade plants fell below the compensation point 
(55 lumens per sq.ft.). The 4th leaf of both control and 
shade plants remained below the compensation point until 
week 9, when the leaves of the control plants abscissed. 
6.2 Plant height 
From week 4 the control plants grew taller than the 
shade plants (Fig. 23). The difference between the 
treatments became progressively larger and reached a 
maximum at week 8. Thereafter, the relative difference 
between the control and shade plants was gradually reduced 
due to the decline in growth of the control plants. 
week 14 the shade plants grew taller than the control 
plants. 
6.3 Dry weight and plant morphology 
After 
Dry weight and leaf area data are shown in Table 
23. The main difference between the treatments was the 
reduced axillary branching and reproductive growth of the 
shade treatment. Relative to the control plants, the shade 
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Fig . 23. Relationship of plant height to shading and time. 
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area on the axillary branches. The reduced axillary 
branching in the shade plants is also apparent from 
Plate 5. 
TABLE 23 
Influence of shading on weight of shoot system and 
leaf area (mean of 5 plants) 
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Plant part Control Shade 
(a) Dry weight ( g. ) 
Main Stem 
Stem + Petiole 8.43 + o.48 6.29 + 0.50 
Lamina 6.28 + o.44 5.79 + 0.25 
Axillary Branch 
Stem+ Petiole 1.28 + 0.19 0.24 + 0.05 
Lamina 2.23 + 0.31 o.64 + 0.10 
Reproductive Structures 2.84 + 0.39 0.13 + 0.05 
Total Shoot Weight 21.06 + 0.78 13.18 + 0. 81 
(b) Leaf Area (sq.ems.) 
Main Stem 1496 + 102 2350 + 100 
Axillary Branch 671 + 94 324 + 49 
·-
6 .4 Leaf area 
The leaf area of the 4th leaf in the shade plants 
was smaller than that of the control plants _(Table 24). In 




Effect on plant morphology of growing plants under two 
light intensities. Plants were 86 days old. A, 100% 
light and B, 40% light. 
6.5 
TABLE 24 
Relationship of leaf area to shading a 
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The specific leaf weight of the shad 
lower than in the control plants (Table 25). 
reduction in specific leaf weight with time 
treatments and this was significantly greate 
control plants. 
TABLE 25 
Relationship of specific leaf weight t 
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The relationship of the photosynthetic capacity of 
th 4th leaf at saturating radiation to shading and time 
is shown in Fig. 24. The photosynthetic capacity of the 
shade plants was lower than in the control plants at week 
5 and it declined in both treatments until week 9. Since 
the rate of decline was faster in the control plants, the 
two curves crossed between weeks 6 and 7 and thereafter 
photosynthesis in the shade plants was higher than in the 
control plants. At week 9 photosynthetic capacity in the 
control and shade plants was 0.2 and 5.3 units respectively. 
An estimate of the photochemical efficiency 
calculated from the initial slope of the light response 
curve indicates that the photochemical efficiency of the 
two treatments was not significantly different until week 
6 ( Tab 1 e 2 6 ) . After week 6 the decline in photochemical 
TABLE 26 
Relationship of photochemical efficiency to 
shading and time (mean of J leaves) 
-Photochemical efficiency 
Weeks (mg.co2 .dm 





5 160 149 
6 155 1 6 0 
7 97 145 
8 82 112 
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fig.24. Relationship of photosynthetic capacity of the 4th leaf 




efficiency commenced earlier in the control plants and 
also proceeded at a faster rate. 
6.7 Respiration 
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At week 5 the dark respiration rate of the control 
plants was higher than in the shade plants (Table 27). 
After week 5 there was a reduction in respiration rate in 
both treatments and the relation between them was not 
consistent. 
TABLE 27 
Relationship of rate of respiration to thinning 
and time (mean of 3 leaves) 
. 
Rate of respiration 
Weeks from (mg.C0 2 .dm 
-2 
-1 ) 
sowing . h . 
Control Shade 
5 1.38 0.99 
6 0.86 0.76 
7 0.69 0.90 
8 0. 61 0.77 
9 0.80 0.58 
6.8 Transpiration of both leaf surfaces 
Transpiration of the two leaf surfaces is shown in 
Fig. 25. In both treatments transpiration of the upper 
surface commenced to decline earlier than that from the 




















































































Fig.25. Rela tionship of transpiration rate of the two leaf 
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Fig . 26 . Relationship of chlorophyll content of the 4th leaf to 
shading and time . 
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week 7 was the slightly higher transpiration rate of the 
upper surface in the control plants at week 5. After week 
7 transpiration of both leaf surfaces in the control plants 
declined more rapidly than in the shade plants. 
6.9 Chlorophyll 
Chlorophyll concentration of the shade plants was 
lower than in the control plants until week 6 (Fig. 26). 
After week 6, due to the rapid decline of chlorophyll in 
the control plants, chlorophyll content was higher in the 
shade plants. 
DISCUSSION 
The lower photosynthetic capacity in the shade 
plants relative to the control plants, before the leaves 
underwent self-shading, is similar to the results of 
Burnside and Bohning (1957), and Wassink et al. (1956) . 
The results indicate that the reduced photosynthetic 
capacity in the shade plants was associated with reduced 
specific leaf weight, slightly higher upper stomatal 
resistance and lower chlorophyll content. - The lower 
chlorophyll content per unit leaf area may be related to 
the smaller specific leaf weight of the shade leaves 
(Bourdeau & Laverick, 1958). Some other reasons which 
have been used to explain decreased photosynthesis in 
rl 
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shade leaves are, poorly developed mesophyll (Cooper & 
Qualls, 1967); lower activity of enzymes (Bj~rkman, l968a) 
and higher mesophyll resistance to carbon dioxide uptake 
(Holmgren, 1968). 
comment. 
The transpiration data at week 5 merits further 
Holmgren et al. (1965) observed that shade 
leaves had higher stomatal resistance than leaves from 
more exposed habitats. Comparison of the transpiration 
data of the control and shade plants at week 5 shows that 
there was no difference in the lower stomatal resistance 
but only the upper stomatal resistance was higher in the 
shade plants. The higher upper stomatal resistance may 
be associated with the observed smaller stomatal size and 
frequency of the upper surface. The number of stomata per 
2 
mm. of the upper surface was 100.6 and 72.8 in the control 
and shade plants respectively. It must be pointed out 
that despite a similar difference in stomatal size and 
frequency of stomata of the lower surface there was no 
difference in the lower stomatal resistance between the 
control and shade leaves. 2 The number of stomata per mm. 
of the lower surface being 206.6 and 173.5 in the control 
and shade plants respectively. Thus transpiration data of 
the lower leaf surface indicates that stomatal resistance 
does not always follow stomatal size and frequency and 




The results suggest a close relation between the 
decline in photosynthetic capacity and the marked 
reduction of light intensity at the level of the 4th leaf 
in the canopy. The observed damage to the photosynthetic 
apparatus agrees with the findings of Bjorkman and Holmgren 
(1963, 1966); Jarvis (1964) and Sparling (1967), that 
marked alterations of the light environment of the leaf 
causes reduction in photosynthesis. The data on 
photosynthesis, photochemical efficiency, chlorophyll, 
transpiration and specific leaf weight indicate that under 
conditions of low light intensity the rate of decline in 
the photosynthetic capacity of the shade plants was slower 
than in the control plants. This shows that some inherent 
difference between leaves formed in full light and reduced 
light was responsible for the slower decline of 
photosynthesis in the shade plants and is in agreement 
with the findings of Blackman and Rutter (1948) and 
Sparling (1967). 
The earlier reduction of light intensity in the 
control plants to below compensation point - could have 
contributed to the faster decline in photosynthesis of the 
control plants. It was of interest to compare the 
reduction in photosynthetic capacity in the control and 
shade plants in the J week period after they dropped below 
I , 
the compensation point. The percentage reduction in 
photo syn the tic capacity between weeks 6 and 8 ·of the 
control plants, and between weeks 7 and 9 of the shade 
plants are shown in Table 28. The validity of the 
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conclusion that photosynthesis declines slower in the 
shade plants under low light conditions is reinforced by 
the comparison shown in Tables 28. 
TABLE 28 
Percentage reduction of leaf characteristics 




Specific leaf weight 13 No change 
Photosynthesis SJ 4o 
Photochemical efficiency 47 28 
Chlorophyll content 52 23 
Transpiration, upper 74 12 
Transpiration, lower 66 12 
A notable feature of Table 28 was the significantly 
greater reduction of transpiration in the control plants 
compared to the reduction of other leaf factors like 
photochemical efficiency and chlorophyll concentration. 
The photochemical efficiency and chlorophyll concentration 
declined about twice as much and transpiration about six 
times as much as in the shade plants. This suggests, 
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besides differences in other leaf factors, a more marked 
difference between the stomata of leaves formed in full 
light and reduced light in their behaviour under conditions 
of low light. The latter observation calls for further 
investigation. Increased stomatal resistance following 
marked alteration of the light environment of the leaf was 
also observed by Holmgren (see Bjorkman, 1968b). 
The reason for the slower rate of decline in 
photosynthesis of the shade leaves is not altogether clear. 
Although reduced dark respiration rates have been used as 
a physiological basis to explain shade tolerance of leaves 
(Grime, 1965; Loach, 1967), the absence of significant 
differences in the dark respiration rates of the control 
and shade leaves precludes this explanation in the present 
experiment. Similarity in dark respiration rates does not 
however rule out the possibility that differences in light 
respiration may account for the observed results. In this 
connection it will be noted that there was a greater 
reduction in specific leaf weight in the control plants. 
The more marked reduction in specific leaf -weight in the 
control plants can be caused by either greater 
translocation of substances from the leaf to other parts of 
the more actively growing control plants and/or differences 
in rate of light respiration. It is also possible that 
l5J 
qualitative differences in proteins between the control 
and shade leaves may explain the slower decline in 
photosynthesis of the shade leaves, because it has been 
considered that low light induced damage to leave s is 
caused by a shift in the equilibrium of turnover of 
proteins in favour of catabolism (Woolhouse, l967; 
Steward & Durzan, l965 and Navasero & Tanaka, l966). A 
difference in proteins which could be significant is 
exemplified in the recent finding of Fling et al. (l96J) 
of two forms of the enzyme polyphenol oxidase from 
Neurospora having similar amino acid composition but 
different thermal stabilities. This difference is 
p r esumably related to the secondary or tertiary structure 
of the molecules . Differences of this kind involving 
molecules possibly not subject to easy turnover could 
clearly operate to increase the life span of the shade 
leaves under low light conditions . Hence it is suggested 
that the present experiment should be extended to explo r e 
the possibility of a biochemical basis for shade t olerance 
in leaves. 
On the basis of this experiment it is concluded 
that the rate of decline of photosynthesis under condi t ions 
of severe shading is inversely related t o the light 
environment in which the leaf develops . 
CHAPTER 7 
THE INFLUENCE OF DEBUDDING LOW DENSITY PLANTS ON THE 




In Experiment 4 it was planned to study the influence 
of increased vegetative and reproductive growth in low 
density plants on the photosynthetic capacity of early and 
late formed leaves. It has been suggested that active 
growth may reduce the photosynthetic capacity of leaves by 
increasing intraplant competition for nutrients (Crowther, 
1934; Humphries & French, 1965 & Humphries, 1968) and 
growth substances (Woolhouse, 1967 & Wareing et. al., 1968). 
It will be recalled that Experiments 1 and 2 provided 
indications that increased growth may have reduced the 
photosynthetic capacity of early and late formed leaves 
respectively. It was planned to assess the significance 
of the above-mentioned indirect effects in iow density 
plants by studying the influence of reducing their growth 
by debudding them, on the photosynthetic capacity of the 
leaves. 
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The physiological responses in leaves following 
reduction of growth by debudding has been studied in many 
plants for a long time. Murneek (1926) investigated the 
effect of removing tomato fruits and noted the resultant 
vigorous growth of leaves. Avery (1934) studied the 
practice of "topping" in tobacco and found that in plants 
which had the terminal flower stalk removed, the upper 
leaves grew longer, thicker and heavier. Humphries (1968) 
observed that debudding resulted in the slower loss of leaf 
nitrogen. From the latter observation it was inferred that 
withdrawal of nitrogen from leaves to meet the demands of 
active vegetative and reproductive growth accelerates 
ageing of leaves. However the mobilisation influence of 
flowers and fruits has been questioned by Krizek et. al. 
(1966); Leopold et. al. (1959) and Janick and Leopold (1961). 
In this connection it must be pointed out that the studies 
of Puckridge and Donald (1966) give little indication that 
ageing can always be related to low nitrogen in the foliage. 
Also the results of Tanaka and Kawano (1966) show that the 
photosynthetic capacity of leaves is not always related to 
the nitrogen content of the leaf. Another physiological 
response of the leaf which is interpreted as delayed 
ageing in debudded plants, is their higher chlorophyll 
content (Humphries, 1968 & Thrower, 1967). It is not 
certain whether the higher chlorophyll content will have a 
beneficial effect on the leaf because Gabrielsen (1948) 
reports that in many plants, chlorophyll above a critical 
-2 
concentration of 4-5 mg.elm . is not related to the light 
saturated photosynthetic rates. Das & Leopold (1963) 
compared photosynthesis of primary bean leaves with and 
without removal of the apex and found that with removal of 
the apex the leaves maintained a higher photosynthetic 
rate; their green colour was retained and ageing was 
delayed; the effects were noted as very similar to those 
produced by kinetin treatment. Likewise Wareing et. al. 
(1968) and Woolhouse (1967) observed that partial 
defoliation increased the photosynthetic rate in the 
remaining leaves. The latter response was explained as 
resulting from reduced intraplant competition for growth 
substances, following the reduction in leaf area. On the 
basis of some of these experiments it may be expected that 
debudding may have a beneficial effect on the photosynthetic 
capacity of leaves in low density plants. However ~he 
above experiments do not provide information in the influence 
of debudding on the photosynthetic capacity of leaves 
developed later. This deficiency is caused by the fact 
that attention has been confined to physiological responses 
of already existing leaves in debudded plants. Hence it is 
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not known whether intraplant competition for nutrients and 
growth substances, as a consequence of active growth, will 
affect the photosynthetic capacity of developing leaves. 
The influence of the latter effect on late formed leaves 
is considered in section 2 of this chapter. 
MATERIALS 
The experiment was conducted in winter of 1969. 
The plants were grown in controlled environment cabinets 
under a photoperiod of 16 hours, day temperature of 33°c 
and night temperature of 23°c. The light intensity at the 
top of the growth cabinet was about 2,000 lumens per sq.ft. 
produced by fluorescent tubes and incandescent lamps. 
The seeds were sown on July 22 in pots housed in a 
heated glasshouse and transferred to two controlled 
environment cabinets on August 2. The plants were grown 
individually in pots with a spacing of 14 11 between main 
stems. Commencing from when the plants were 5 weeks old all 
the axillary buds were removed daily from the plants in one 
growth cabinet and lanolin was applied to the cut surfaces. 
These formed the debudded plants. 
cabinet were the control plants. 
The plants in the other 
SECTION l 
Comparison of the changes in the photosynthetic 
capacity of the 4th leaf with time 
INTRODUCTION 
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In this section the influence of debudding low 
density plants, on the photosynthetic capacity of the 4th 
leaf will be considered. Changes in the photosynthetic 
capacity of the 4th leaf was followed from the stage when 
the leaf was completing expansion for a period of five 
weeks, by which time the 4th leaf had been destroyed in 
all available plants. At this stage the basal leaves of 
the control and debudded plants were severely shaded. 
Comparison of the photosynthetic capacity of the basal 
leaves was continued, using the 5th leaf for a further 
period of two weeks, until the 5th leaf abscissed in all the 
plants. Information on the changes in photosynthetic 
capacity of severely shaded leaves in the control and 
debudded plants were specifically sought in order to obtain 
information on whether the faster rate of withdrawal of 
nutrients from the leaves of control plants offers a 
mechanism of accelerated ageing under low light conditions. 
METHODS 
Light intensity 
Light intensity at the level of the 4th leaf was 
measured at weekly intervals commencing from 36 days. 
Plant height 
Height measurements were made at weekly intervals 
commencing from 36 days. 
Dry weight assessment 
159 
Dry weight assessment was made when the plants were 
102 days old. 
Photosynthesis 
Measurements of the photosynthetic capacity were 
made at weekly intervals on the attached 4th leaf in 
triplicate, commencing from when the plants were 5 weeks 
old. At this stage the 4th leaf was about 16 days old. 
The routine followed in measuring photosynthesis was the 
same as in Experiment 2. The photosynthetic capacity of the 
4th leaf was measured until week 9 and measurements 
continued at weeks lO and ll using the 5th leaf. The 
photosynthetic capacity of the 5th leaf was measured only 
at saturating radiation. 
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RESULTS 
7.1.1 Light intensity 
Commencing from week 5 the light intensity 
received by the 4th leaf in the canopy in both control and 
debudded plants declined rapidly and dropped below the 
compensation point of 90 lumens per sq.ft. at week 7 
(Figure 27). The decline of light intensity was not 
significantly different in the control and debudded plants. 
Figure 27 shows that the light intensity of the 5th 
leaf at weeks 10 and 11 was low and comparable with that 
of the 4th leaf at week 9. 
7.1.2 Plant height 
Plant height showed a response to debudding 
(Figure 28). Until week 9 there was no difference between 
the control and debudded plants, but thereafter the 
debudded plants grew taller than the control plants. In 
the debudded plants increased plant height was accounted 
for by a greater number of main stem nodes. Differences in 
node number was observed even at week 9 when the heights were 
similar. At this stage the control plants had 21 nodes and 
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Fig .2 7 . Relationship of light intensity at the level of 
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Influence of debudding on weight of shoot system and 
leaf area (Mean of 5 plants) 
( a) 
(b) 
Plant part Control Debudded 
Dry weight ( g.) 
Main stem 
Stem and petiole 10.58 + 
-
0.78 29.96 + 
-Lamina 7.26 + 0.24 24.10 + 
- -
Axillary branch 
Stem and petiole 5.64 + 0.84 -
-Lamina 7.90 + 
-
1.21 -
Reproductive structures 18.30 + 
-
2.31 -
Total shoot weight 49.68 + 
-
4.13 51.06 + 
-
Leaf area (sq.ems.) 
Main stem 2279 + 
-
76 5463 + 
-
Axillary branch 2686 + 415 -
-
Total leaf area 4965 + 474 5463 + 
- -
TABLE JO 
Relationship of leaf area to debudding and time 
(Mean of 3 leaves) 
Weeks from Leaf area (sq.ems.) Leaf No. 
sowing Control Debudded 
4th 5 113.5 108.8 
II 6 105.8 121.2 
II 7 110.4 116.0 
" 8 127.3 115.0 
II 9 114.8 132.7 
5th 10 173.0 189.9 






7.1.3 Dry weight and plant morphology 
Table 29 shows that debudding did not reduce the 
weight of the shoot system but only altered the distribution 
pattern of the assimilates. The absence of a significant 
difference in the weight of the shoot system was accounted 
for by the increased weight of the main stem plus petioles 
and lamina in the debudded plants which compensated for the 
removal of axillary buds. It is noteworthy that the 
total leaf area in the control and debudded plants was not 
different, and this was caused by the increased leaf area 
on the main stem in the debudded plants. In the control 
plants the leaf area was distributed about equally between 
the main stem and axillary branches. 
The control and debudded plants are shown in Plate 6. 
7.1.4 Leaf area 
Table JO shows that the area of the 4th leaf in the 
control and debudded plants was not different and that it 
did not show any significant increase during the period of 
comparison. Unlike the similarity of the 4th leaf, the 
5th leaf was larger in the debudded plants. 
7.1.5 Specific leaf weight 
The specific leaf weight of the 4th and 5th leaves 
are shown in Table Jl. The specific leaf weight of the 
Plate 6 
Effect of debudding on plant morphology. Plants wer e SJ 
days old . A, control and B, debudded plants. 
control and debudded plants increased after week 5 and 
reached a higher maximum value earlier in the debudded 
plants. Subsequently the specific leaf weight in both 
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control and debudded plants declined to its original value 
at week 9. The specific leaf weight of the 5th leaf was 
higher in the debudded plants. 
TABLE Jl 
Relationship of specific leaf weight to debudding and 
time (Mean of 3 leaves) 
Specific leaf weight 
Weeks from (mg. cm -2 . ) Leaf No. 
sowing 
Control Debudded 
4th 5 3.5 3.6 
II 6 3.7 3.7 
II 7 3.8 4.4 
II 8 4.0 4.2 
II 9 3.5 3.6 
5th 10 3.3 3.6 
II 11 3.1 3.5 
7 .1. 6 Photosynthesis 
Figure 29 shows the changes in the photosynthetic 
capacity of the 4th and 5th leaves measured at saturating 
radiation. The results show that the photosynthetic 
capacity of the 4th leaf in both control and debudded 
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Fig.29. Relationship of photosynthetic capacity of the 4th 
(5-9 weeks) and 5th (10-11 weeks) leaves at 
saturating radiation to debudding and time. 
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photosynthetic capacity of the control plants appeared to 
decline at a slightly faster rate, but thereafter there was 
no difference between the control and debudded plants. 
The photosynthetic capacity of the 5th leaves of control 
and debudded plants at weeks 10 and 11 was also effectively 
the same. 
The photochemical efficiency calculated from the 
initial slope of the light response curves shows that it was 
not different in the 4th leaf of the control and debudded 
plants and that it did not show signs of impairment even at 
week 9 (Table 32). 
TABLE 32 
Relationship of photochemical efficiency to debudding 
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Fig . 30 . Relationship of the transpiration rate of the two 
leaf surfaces of the 4th (5-9 weeks) and 5th 



































5 6 7 8 9 10 
Weeks From Sowing 
Fig . 31 . Relation ship of t he chlorophyll content of the 4th 
(5-9 weeks) and 5 t h (10-11 weeks) leaves to 




except for differences observed at weeks 7 and 9 which were 
not consistent. Transpiration of both leaf surfaces of the 
5th leaf declined between weeks lO and ll and was not 
different in the control and debudded plants. 
7.l.9 Chlorophyll content 
The chlorophyll content of the 4th and 5th leaves 
are shown in Figure Jl and in most instances it was higher 
in the debudded plants. The chlorophyll content of the 4th 
leaf in both debudded and control plants showed an initial 
increase after week 5 and reached a higher maximum value in 
the debudded plants. This was followed by a decline. The 
5th leaf of the debudded plants had a higher chlorophyll 
content at week lO, but this difference was not observed 
at we~k 11. 
7.1.10 Leaf nitrogen 
The nitrogen content in the 4th leaf of the control 
and debudded plants declined after week 5 and excepting for 
week 5 the debudded plants consistently had a higher value 
than the control plants (Table J4). Although the 5th leaf 
of debudded plants had a higher nitrogen content than the 
control plants at week lO, the relationship was reversed at 
week ll. 
TABLE 34 
Relationship of nitrogen content to debudding and time 
(Mean of 3 leaves) 
Percentage nitrogen dry 
Weeks from matter Leaf No. 
sowing Control Debudded 
4th 5 5.23 4.98 
II 6 3.72 3.95 
II 7 2.94 3.49 
II 8 3.22 3.57 
II 9 3.02 3.39 
5th 10 . 3.01 3.75 
II 11 3.07 2.52 
< 
DISCUSSION 
It is significant to note that although all 
axillary buds were removed in an attempt to reduce growth, 
there was no difference between the weights of the shoot 
system in the control and debudded plants. Since it is 
known that debudding increases the weight of the root 
system in many plants (Head, 1969 and Cockshull & Hughes, 
1968), including cotton (Eaton, 1931) it -is probable that 
the total weight of the debudded plants was greater than 
the control plants. Tha results clearly show that removal 
of an important sink, namely; all the axillary buds, 
.. 
changed the distribution pattern for assimilates and 
alternative sinks, such as, main stem, petioles, lamina 
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on the main stem and possibly also the root system assumed 
importance. Thus it is seen that total removal of axillary 
buds in cotton plants as a technique for the reduction of 
growth is not satisfactory. Similar alterations in the 
distribution pattern of assimilates was observed by 
Cockshull and Hughes (1968) following the removal of flower 
buds in Chrysanthemum morifolium, when the assimilates were 
diverted to the roots and to a lesser extent to the leaves. 
The above comments on growth are based on data 
obtained when the plants were about 15 weeks old and 
therefore there are limitations on the use of this data 
on growth for the interpretation of the photosynthetic 
capacity of the 4th leaf which was measured when the plants 
were between 5 to 9 weeks old. Periodic collection of data 
on growth was not possible with the small number of plants 
which could be grown under controlled environment 
conditions. Although plant height is not a very satisfactory 
criterion of assessing the weight of plants, the data on 
height shown in Figure 28 considered in conjunction with 
dry weight data of Table 29 suggests that the debudded 
plants may have had a reduced growth relative to the control 
plants when the photosynthetic capacity of the 4th leaf 
was studied. Figure 28 shows that there was a progressive 
reduction of the rate of increase in plant height of the 
control plants after week 9, while the debudded plants 
continued to increase in height. Table 29 reveals that 
absence of a significant difference between the weight of 
the shoot systems was caused by increased weight of the 
structures on the main stem of the debudded plants. Hence 
it is possible that any reduction of growth caused by the 
commencement of debudding at week 5 was not observed at 
week 15 because of the relatively faster rate of leaf 
initiation and growth of the main stem in the debudded 
plants while growth of the control plants became progressively 
reduced. The observation (Dale, 1959) that debudded cotton 
plants continued to increase in dry weight until late in 
the life of the plant while control plants ceased to do so 
rather early supports the above arguments. 
Thus it is possible that the slightly slower decline 
in the photosynthetic capacity at saturating radiation of 
the 4th leaf in the debudded plants, before it dropped below 
the compensation point in the canopy, was caused by 
reduced growth. The decreased rate of decline of the 
photosynthetic capacity in the debudded plants agrees with 
the results of Das & Leopold (1963). The absence of an 
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increase in photosynthetic capacity following debudding, as 
reported by Sweet & Wareing (l966); Woolhouse (l967) and 
Wareing et. al. (l968), may have resulted from the failure 
to reduce growth significantly in the debudded plants and/or 
due to the marked shading of the 4th leaf after week 5. 
The other physiological responses of the 4th leaf in 
the debudded plants agree with published results, namely; 
slower decline of nitrogen (Murneek, l926; Dale, l959 & 
Humphries, l968); lower stomatal resistance, as indicated 
by the transpiration data (Meidner, l969); higher specific 
leaf weight (Avery, l9J4 & Thrower, l967) and higher 
chlorophyll content (Humphries, l968 & Thrower, l967). The 
results clearly show that despite increased specific leaf 
weight and chlorophyll content in both control and debudded 
plants after week 5, the photosynthetic capacity declined. 
The increased chlorophyll content was probably without 
effect because it occurred in the concentration range where 
light saturated photosynthesis is not limited by chlorophyll 
concentration (Gabrielsen, l948). It is possible that any 
beneficial effect arising from the incre~sed specific leaf 
weight was nullified by the increased stomatal resistance, 
as indicated by the transpiration data, and possible damage 
to other leaf factors like the enzyme systems under 
conditions of severe shading (Navasero & Tanaka, 19 ~6 ). 
Meidner (l969) explained the higher photosynthetic rates 
l7l 
of debudded plants as resulting from lower stomatal 
resistance values. Transpiration data in the present 
experiment indicate that the higher photosynthetic rate 
observed for debudded plants during weeks 5 to 8 was 
accounted for by a smaller stomatal resistance of the upper 
surface only. The results show that the decline in 
photosynthetic capacity and nitrogen content of the 4th 
leaf parallel each other. The exact stage at which 
nitrogen becomes limiting to photosynthesis is not known 
because of the absence of critical studies on the relation 
between photosynthesis and nitrogen content. 
It is of interest that differences in the 
photosynthetic capacity between the control and debudded 
plants was observed only at saturating radiation and not at 
lower levels of radiation, as revealed by the similarity in 
the initial slopes of the light response curves (Table 32). 
The latter observation agrees with the results of Sweet & 
Wareing (l966) and Wareing et. al. (l968). This suggests 
that although faster loss of nitrogen from the leaf was 
associated with lower photosynthetic capacity at saturating 
radiation, it would be without effect on the photosynthetic 
capacity of the shaded leaf in the canopy, where light 
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rarely reaches saturating level. On the other hand, 
transfer of nitrogen from the leaf in amounts that do not 
have a detrimental effect on the photosynthetic capacity of 
the shaded leaf, for use elsewhere in the plant, would be 
beneficial from the point of view of the nutritional 
economy of the plant. 
The results show that differences in the photosynthetic 
capacity, at saturating radiation, between the control and 
debudded plants were not observed after the 4th leaf dropped 
below the compensation point. The results of the 5th leaf 
supports this observation. The purpose of comparing the 
photosynthetic capacity of leaves which had dropped below 
the compensation point was to obtain information on whether 
the faster loss of nitrogen in the control plants provides 
a mechanism for the rapid decline in photosynthetic capacity 
and consequent foliar abscission under severely shaded 
conditions. The lack of any significant difference in the 
decline in photosynthetic capacity between the control and 
debudded plants suggests that the dominant influence of low 
light induced damage to the leaf masks any differences due 
to the nitrogen content. 
It is concluded that although active growth may 
accelerate the decline of light saturated photosynthetic 
rate of the leaf during its progressive shading within the 
L 
canopy, before it drops below the compensation point, it 
may be without significant effect on the photosynthetic 
rate under the low light conditions of the canopy. 
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SECTION 2 
Comparison of the photosynthetic capacity of early and 
late formed leaves 
INTRODUCTION 
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The purpose of this comparison was to determine 
whether intraplant competition for nutrients and growth 
substances, caused by increased vegetative and reproductive 
growth in low density plants, reduces the photosynthetic 
capacity of late formed leaves. Comparison was made of the 
12th, 15th, 18th and 22nd leaves of the control and debudded 
plants at the stage when they were completing expansion on 
top of the plant. In addition it was decided to compare 
the photosynthetic capacity of the late formed leaves with 
that of the 4th leaf to obtain information on leaves formed 
at different stages in the growth of plants. 
METHODS 
Photosynthesis (also see section 2 of Chapter 5) 
Photosynthetic capacity of the 12th, 15th, 18th and 
22nd leaves was measured when the leaves were about 16 days 
old . The 16 day old late formed leaves of the control 
plants were unshaded by the upper foliage while the 
corresponding leaves of the debudded plants were slightly 
shaded, because of the faster rate of leaf initiation. 
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Photosynthetic capacity was measured in triplicate 
following the same routine as in Experiment 2, except that 
it was measured only at saturating radiation. 
RESULTS 
Data on the 4th (16 day old of section 1) 12th, 
15th, 18th and 22nd leaves are shown in Table 35. 
7.2.1 Leaf area 
The area of the late formed leaves in the debudded 
plants was greater than in the control plants. Except for 
the 18th leaf in the control plants, the leaf area of the 
late formed leaves was greater than the 4th leaf. 
7.2.2 Specific leaf weight 
There was no difference between the specific leaf 
weights of the late formed leaves in the control and 
debudded plants. The specific leaf weight of the late 
formed leaves was smaller than the 4th leaf. 
7.2.3 Photosynthesis 
' 
Except for the reduced value of the photosynthetic 
capacity shown by the 22nd leaf of the debudded plants 
there was no marked difference between the photosynthetic 








Data on the 4th, 12th, 15th, 18th and 22nd leaves 
(Mean of 3 leaves) 
Leaf number Control Debudded 
Leaf area (sq.ems.) 4 113.5 108.8 
12 192.5 240.0 
15 · 193.5 262.6 
18 91.3 244.5 
22 134.4 248.9 
Specific leaf weight 4 3.5 3.6 
(mg. cm -2 . ) 12 3.1 3.2 15 3.2 3.3 
18 2.9 3.1 
22 3.4 3.2 
Photosynthesis 4 19.7 20.6 
( -2 -1) 12 18.8 18.4 mg.co 2 .ctm .h . 15 18.6 19.0 
18 19.9 18.5 
22 19.9 17.3 
Chlorophyll (a+ b) 4 59.4 64.2 
( µg. cm -2 . ) 12 46.2 49.0 15 44.7 46. 5 
18 46. o 50.1 
22 46.5 48.4 
Transpiration 4 1.21 1.20 
( -2 -1) 12 1.32 1.25 g.H20.dm .h . 15 1.18 1.27 
Upper surface 18 1.35 1.23 22 1.36 1.24 




Lower surface 15 1.44 1.45 
18 1.45 1.39 
22 1.39 1.39 
Nitrogen, percentage 4 5.23 4.98 
dry matter 12 4.10 4.10 
15 4.38 4.06 
18 4.69 4.12 
22 3.98 4.62 
: 
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debudded plants and between the late formed leaves and the 
4th leaf. 
7.2.4 Chlorophyll content 
Debudding was without effect on the chlorophyll 
content of the late formed leaves. Chlorophyll content of 
the late formed leaves in both control and debudded plants 
had a lower value than the 4th leaf. 
7.2.5 Transpiration of the two leaf surfaces 
Transpiration of both leaf surfaces was higher in the 
late formed leaves than in the 4th leaf and was not markedly 
different in the control and debudded plants. 
7.2.6 Percentage nitrogen dry matter 
The effect of debudding on the nitrogen content of 
the late formed leaves showed no clear trend. The late 
formed leaves had a lower nitrogen content than the 4th 
leaf. 
DISCUSSION 
Comparison of the late formed leaves of the control 
and debudded plants would provide information on the 
photosynthetic capacity of leaves formed from terminal buds 
which are under varying degrees of competitive stress for 
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nutrients and growth substances. The greater degree of 
stress of the terminal buds in the control plants is evident 
from the results presented in section l of this chapter, 
where it was shown that elimination of competition between 
buds by removal of all axillary buds, caused rapid leaf 
initiation by the terminal bud in the debudded plants. 
Evidence that nutritional factors, rather than an age 
effect, influences the growth of buds also comes from 
Mason's (1922) observation that when stem apices from cotton 
plants whose main axis had ceased growth were budded to 
young plants there was an immediate resumption of rapid 
growth from the apparently "senescent" terminal bud. In 
addition photosynthetic capacity of late formed leaves 
could be influenced by the overall degree of intraplant 
competition in the plant arising from the changed pattern 
of growth following debudding. Although it is likely that 
debudding did not reduce growth significantly at the stage 
when the photosynthetic capacity of the late formed leaves 
were compared (Table 29), it is possible that reproductive 
growth in the control plants may have increased the 
severity of intraplant competition (Crowther, 1934). 
The results of this experiment show that despite a 
greater degree of competitive stress on the terminal bud of 
the control plants the photosynthetic capacity of the late 
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formed leaves was not reduced compared to the debudded 
plants. The data on specific leaf weight, chlorophyll and 
nitrogen content and stomatal resistance values, as 
indicated by the transpiration data, add further evidence 
to the above conclusion. The striking effect arising from 
the greater stress on the terminal bud was the reduced 
rate of leaf initiation and smaller area of leaves on the 
main stem. The results presented in Table 29 show that the 
reduced area of the main stem leaves was compensated for 
by the development of leaves on axillary branches thus 
resulting in the absence of a difference in the total leaf 
area in the control and debudded plants. However Dale 
(1959) reports that in comparisons made over a longer 
period (35 weeks) than in the present experiment (15 weeks) 
that debudded cotton plants had about six times the leaf 
weight of the control plants. 
It appears that the reproductive growth in the 
control plants did not reduce the photosynthetic capacity 
of the late formed leaves. Although Crowther (1934) and 
Dale (1959) suggest that cotton bolls exert a mobilising 
influence on the nutrients in the plant, the results of the 
present experiment suggest that this effect does not reduce 
the photosynthetic capacity of late formed leaves but 
possibly contributes to the reduced rate of leaf initiation 
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and leaf area. The report by Avery (1934) that the 
infloresence limited the growth of upper leaves by limiting 
cell size and the observation by Maggs & Alexander (1969) 
that leaf production was halved by fruiting is in agreement 
with the above comments. 
Another point of interest was the fact that debudding 
did not increase the photosynthetic capacity of late formed 
leaves. The latter observation could arise from the 
failure to reduce growth significantly in the debudded 
plants (Table 29). It seems that the present results are 
of value in interpreting the numerous reports of increased 
dry weight in cotton plants following the removal of flower 
buds for various periods in attempts to improve yield 
(Eaton, 1931; Eaton & Ergle, 1952; Singh & Choudri, 1937; 
Dunnum et. al., 1943 & Dale, 1959). The results suggest 
that the increased dry weight cannot be attributed to 
increased photosynthetic capacity of leaves but possibly to 
the increased leaf area commonly reported in these 
experiments . 
Although it is likely that intrap1ant competition 
increases with age, the failure to observe a reduced 
photosynthetic capacity in the late formed leaves compared 
to the 4th leaf, supports the conclusion that intraplant 
competition does not affect the photosynthetic capacity of 
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late formed leaves. It must be pointed out that the lower 
values of specific leaf weight, chlorophyll and nitrogen 
content in the late formed leaves, relative to the 4th leaf, 
did not reduce the photosynthetic capacity, possibly 
because they did not fall below a critical level where they 
could become limitinge Also the lower stomatal resistance 
values of the late formed leaves, as indicated by the 
transpiration data, could have compensated for possible 
limitation s arising from other leaf factors. This 
similarity between early and late formed leaves suggest 
that the reduction in photosynthetic capacity observed in 
the late formed leaves of the thinning treatments of 
Experiment 2 could have been- caused by greater physiological 
ageing of the leaf, since comparisons were made on older 
leaves (23 days) than in the present experiment (16 days). 
It is concluded that intraplant competition for 
nutrients and growth substances does not reduce the 
photosynthetic capacity of late formed leaves but it can 
affect the photosynthetic capacity of the plant by reducing 
the rate of leaf initiation and leaf area. 
Studies on the changes in the photosynthetic capacity 
of the 4th and 18th leaves in low density plants were made 
to complement the studies in high density plants of section J 
in Chapter 5 and the results were found to be similar. 
CHAPTER 8 
THE INFLUENCE OF WATER STRESS ON THE PHOTOSYNTHETIC 




The earlier experiments were designed to investigate 
the influence of competition for light on the photosynthetic 
capacity of leaves. In the present experiment it was 
intended to extend this study and compare the response of 
photosynthesis of leaves when plants grown at different 
densities were subjected to an unfavourable environment. 
With this objective in mind the reduction in the 
photosynthetic capacity of leaves in plants grown at thr ee 
densities were compared when the roots were temporarily 
subjected to water stress obtained by increasing the 
osmotic pressure of the rooting medium . 
experiments were carried out. 
The following 
(1) The influence of water stress at different stages 
in the growth of plants on the photosynthetic 
capacity of the youngest fully expanded leaf o 
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(2) The influence of water stress on the photosynthetic 
capacity of a leaf at a give n node at different 
stages of its ageing. 
(J) The recovery from water stress of leaves of 
different ages in mature plants. 
In the above studies the response of the individual 
leaf to water stress would depend on two factors $ 
Firstly, the inherent differences between leaves at 
different densities in their response t o water stress 
and secondly , the degree of water stress developed in the 
leaf. The latter in turn would depend on plant factors 
such as the value of the root/shoot ratio, resistance to 
flow of water in the plant and rate of water loss from 
the plant. Since it was of interest to eliminate the 
influence of these other plant factors and compare only 
the inherent differences between leaves of plants grown at 
different densities, a fourth experiment was conducted to 
study the response of detached leaves to conditions of 
water stress. 
Two substances; namely purified polyethylene 
glycol (PEG) 1540 and mannitol were tested as osmotic 
substrates and marmitol selected. 
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MATERIALS 
Cotton plants were grown individually in pots in a 
heated glass house. The seeds were planted on 18- 1-69 
and the experiment continued until May 1969. The maximum 
day temperature was about 4o 0 c in January and it 
gradually became reduced to about 26°c in May. The night 
temperature in January was about 28°C and in May about 
20°c. 
The plants were grown under conditions of non-
limiting supply of water at three densities with the 
following spacing between the main stems: 6 inches (high 




The standard routine used to water stress the 
plants was as follows. 
The photosynthetic capacity of the experimental leaf 
was measured at saturating radiation with adequate water in 
• 
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the rooting medium. With the illuminated experimental l ea f 
still enclosed in the leaf chamber the osmotic pressure 
of the rooting medium was next increased by adding 2000 ml. 
of mannitol of appropriate concentration and allowed to 
drain from the bottom of the pot. The routine adopted to 
add mannitol was as follows. The first 1500 ml. was added 
over a period of about half an hour, uniformly wetting all 
parts of the rooting medium. The balance 500 ml. was 
allowed to drip into the pot over the next 4 hours in order 
to minimise any changes in the osmotic pressure of the 
rooting medium that may arise from loss of water by 
evapotranspiration. Evaporation from the surface of the 
pot was reduced by covering it with polythene sheeting. 
In using 2000 ml. of mannitol the total volume of the empty 
pot of about 1600 ml. was taken into consideration. 
Four and a half hours after the commencement of 
adding mannitol the photosynthetic rate was measured over 
a period of 10 minutes and the average of the measurements 
taken as the stressed value of photosynthesis. A standard 
time interval was adopted in measuring the reduced value 
of photosynthesis because sometimes even after 4~ hours 
absolutely steady readings were not obtained. 
After measuring the water stressed value of 
photosynthesis the leaf was removed from the leaf chamber 
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and its relative leaf water content (R.L.W.C.) measured . 
Mannitol was next washed from the rooting medium with 
copious quantities of water and the plant returned to the 
glass-house to maintain the spacing. 
The same routine was followed in the recovery 
studies, except that the leaf was not removed from the leaf 
chamber after measuring the stressed value of 
photosynthesis but allowed to remain in darkness in the 
ventilated leaf chamber overnight, mannitol being washed 
away from the rooting medium. The following morning the 
"recovery" value of photosynthetic capacity was measured 
at saturating radiation. 
Prior to commencing water stress studies on detached 
leaves some preliminary experiments were carried out and 
it was found that detached leaves reached steady values of 
photosynthesis after about 4 hours and steady readings 
wee obse ved for a further period of at least 2 hours. 
The technique used to stress the detached leaf was as 
follows. The stem adjoining the experimental leaf was cut 
under water leaving about half an inch oY the stem on 
either side of the petiole. The lower end of the stem was 
kept under water in a 100 ml. flask and the water aerated. 
Lanolin was applied to the exposed end of the stem to 
prevent loss of water. The leaf was next sealed in the 
f 
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chamber and illuminated at saturating radiation. After 4 
hours of illumination photosynthesis was measured and a 
weighed quantity of mannitol added to the water 
containing the cut end of the stem to give an osmotic 
pressure of 1.5 atm. The photosynthetic rate was then 
continuously followed for the next two hours. 
All measurements were made in triplicate using 
leaves of comparable age. Since it was possible to 
measure the photosynthetic capacity of only two leaves 
per day it required 4i 2 days to complete the measurements 
on all the replicates in the three densities. In the 
recovery studies because the leaf was allowed to remain 
overnight in the leaf chamber, measurement on only one 
leaf could be made in a day and it took 9 days to complete 
all the replicates. The replicate measurements were 
spread in a random manner over this period. 
RESULTS 
SECTION 1 
The influence of water stress on the photosynthetic 
capacity of young leaves will be considered in this section. 
The plants were subjected to comparable conditions of water 
stress at four stages in their growth and at each stage the 








Response 01 photosynthesis and tra n spiration rates to increased 
osmotic pressure of the rooting medium 
(Days ) 
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Cone . Ma nnitol Leaf No . Photo synthesis Transpiration 
Leaf used. atm . Density CO2 . dm 
-2 
-1 g.H2 0. dm 
-2 
-1 mg. . h . 
.h . 
Upper Lower 
34 9 6th leaf 
High B. 1J.2J 0.27 0.99 
A. 4. 27 0.08 0.52 
Medium B. 12 .41 O.JO 1. oL~ 
A. 6 . 88 0.06 0.76 
Low B. 12 . 22 0.29 0.99 
A. 6 .45 0.19 0.67 
36 8 8th leaf 
High B. 11.10 0.2J 1.11 
A. J.63 0.04 o.46 
Medium B. 12.32 0.22 0.98 
A. 4 . 04 0.06 o.44 
Low B. lJ . 11 0 . 26 0.97 
A. 6.8J 0.11 0.67 
JJ 6 . 5 10th leaf 
High B. 12.17 o.4J 1.27 
A. 6 , 35 0.26 0.9J 
Medium B. 12.57 o.44 L 2 5 
A. 4. 67 0.2J 0.75 
Low B. 12 . 22 0. L19 J .1 9 
A. 8 .47 O, J7 1.00 
45 9 13th leaf -
High B. 11.17 0.16 l. J7 
A. J . 68 0.10 O.u5 
Medium B. 10.20 0.17 l. 29 
A. J. 07 . 0.09 0.55 
Low B. 10 . 65 0 . 21 1. 24 
A. 5.41 0.19 0.78 
B = Before stress , A = After stress . 
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fully expanded leaf was measured (6th, 8th, 10th and 13th 
leaves) . Since the 13th leaf was slow in expanding it was 
older than the leaves at lower nodal positions when 
comparisons were made. In this and in other sections of 
this chapter, the "age" of the leaf and plant refers to the 
day on which photosynthetic measurements were commenced~ 
1.1 Photosynthesis 
The pre-stress value of photosynthesis was the same 
in the corresponding leaves at the three densities 
(Table 35). However, differences between the densities 
were observed under conditions of water stress (Table J6). 
The results show that the leaves in the high density 
plants consistently had a greater reduction in 
photosynthesis than the low density plants. Although 
there was no difference in the reduction in photosynthesis 
in the 6th leaf of medium and low density plants, leaves 
at higher nodal positions showed a greater reduction in 
photosynthesis in the medium density plants. The 
relation between the water stressed high and medium density 
plants was not consistent. 
TABLE 36 
Percentage reduction in photosynthesis and data on 
relative leaf water content of the leaves of Table 35 
Density 
Leaf No. 
High Medium Low 
6th leaf 
% Reduction 67.7 44.6 47.2 % R.L.W.C. 73.3 78.9 80.7 
8th leaf 
% Reduction 67,. 3 67.2 47.9 % R.L.W.C. 74.o 72.6 77.3 
10th leaf 
% Reduction 47.8 62.9 30.7 % R.L.W.C. 77.8 73.3 78.1 
13th leaf 
% Reduction 67.0 69.9 49.1 
1.2 Transpiration of both leaf surfaces 
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Stand density was without effect on the transpiration 
rates of the leaves prior to water stress (Table 35). It 
was of interest to note that transpiration of the upper 
surface was considerably less than from the lower surface . 
The transpiration rates of the water stressed leaves of 
this experiment are not strictly comparable because of the 
variable increase in leaf temperature (1-3°C) which depended 
on the degree of water stress in the leaf. Despite the 
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increased leaf temperature, transpiration rate was reduced 
in the water stressed leaf at all densities. 
l.J Relative leaf water content 
The R.L .W.C. of the water stressed 6th, 8th and 10th 
leaves are shown in Table J6. The R.L.W.C. of the 13th 
leaf was not determined because it was used in the recovery 
studies. The relation between R.L.W.C. and density did 
not follow a definite trend but the general tendency was 
for lower values of R.L.W .C. in the high and medium 
density plants than the low density plants. 
The R.L.W.C. of un-stressed leaves was about 90% at 
the three densities. 
SECTION 2 
The influence of water stress in plants on the 
photosynthetic capacity of the 6th leaf during its ageing 
will be considered in this section. Comparisons were made 
staring at a stage when the 6th leaf had completely 
expanded on top of the plant and at two subsequent stages 
during its progressive shading within the - canopy. 
Mannitol at osmotic pressure of 9 atm was added to the 
rooting medium and the reduction in photosynthesis of the 
6th leaf compared when it was J4, 72 and 93 days old. 
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2.1 Photosynthesis 
Prior to water stress the photosynthetic capacity of 
the 6 th leaf of corresponding ages in the high, medium and 
low density plants were the same (Table 37). All three 
densities showed a decline in photosynthesis during ageing 
of the leaf until 72 days but no further de cline between 
72 and 93 days. Under conditions of water stress except 
for the similarity shown by the reduction in photosynthetic 
capacity of the young leaves in the medium and low density 
plants the results show that in all other instances the 
photosynthetic capacity of the high and medium densityplants 
showed a greater reduction than the low density plants. 
2.2 Transpiration of both leaf surfaces 
Stand density had no effect on the t ranspiration 
rate of the 6 th leaf before water stress (Table 37). 
There was a reduction in transpiration between J4 and 72 
days but not between 72 and 93 days. The water stressed 
leaves had lower transpiration rates at all densities. 
2.J Relative leaf water content 
The R.L.W.C. of the water stressed 6th leaf is shown 
in Table JS and was not determined on the 93 day old leaf 
because it was used in the recovery studies. The R.L.W.C. 








Response of photosynthesis and transpiration rates of the 
6th leaf to increased osmotic pressure of the rooting 
medium 
(Days) Photosynthesis Transpiration 
-2 -1 H2o . dm 
- 2 -1 
mg.C0 2 .dm .h . g . . h . 
Leaf Density Upper Lower 
34 
High B. 13.23 0.27 0.99 
A. 4.27 0.08 0.52 
Medium B. 12.41 0.30 1.04 
A. 6.88 0.06 0.76 
Low B. 12.22 0.29 0.99 
A. 6 .4 5 0.19 0.67 
72 
High B. 6.86 0.08 0.90 
A. 3.14 0.03 0.34 
Medium B. 6 .97 0.02 0.89 
A. 3.09 0.05 o.42 
Low B. 8.48 0.05 0.93 
A. 4.99 0.08 0.59 
93 High B. 6 . 65 0.08 0.89 
A. 2 .02 -0. 06 0.34 
Medium B. 5 . 96 0.04 0.87 
A. 2.01 0.03 0.34 
Low B. 6 .05 0.05 0.90 
A. 3.53 0.08 0.51 
B = Before stress, A= After stress 
TABLE JS 
Percentage reduction in photosynthesis and data 
on relative leaf water content of the leaves of Table 37 
.. 
Age Density 
High Medium Low 
J4 days 
% Reduction 67.7 44.6 47.2 
% R.L.W.C. 73.4 78.9 80.7 
72 days 
% Reduction 54 .. 2 55.7 41.2 % R.L.W.C. 77.3 82.0 8J.O 
93 days 
% Reduction 69.4 66.J 41.7 
J4 days and 72 days and was higher than the high density 
plants. It will be noted that in all treatments the 6 th 
leaf at 72 days had a higher R.L.W.C. than the leaf at 
J4 days. 
SECTION J 
The influence of water stress on the photosynthetic 
-
capacity of the detached 9th leaf will be considered in 
this section. The 9th leaf was about 95 days old when the 
comparisons were made. The leaves were stressed using 1 .5 
atm of osmotic pressure due to mannitol and photosynthesis 





Fig. 32 shows that water stress caused an initial 
small increase in the photosynthetic rate in the medium 
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and low density plants. This was less ma rked in the high 
density plants. The decline in photosynthesis under 
conditions of water stress was clearly slowe r in the low 
density plants. The medium and high density plants showed 
a similar rate of decline but towards the end of the 
comparison the high density plants had slightly higher 
values. 
J.2 Relative leaf water content 
The R.L.W.C. of the water stressed 9th leaf in the 
high, medium and low density plants was 57.1%, 59.2% and 
6J.2% respectively. 
SECTION 4 
Data on the comparison of recovery from water stress 
of a young (13th) and an old ( 6th) leaf in mature plants 
will be presented in this section . The 13th and 6th leaves 
were about 45 and 93 days old respectively , when the 
comparisons were made. The plants were wate r stressed 
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The effect of mannitol on the time course of photosynthesis 
of a detached leaf. At time O mannitol was B.dded to the 
water containing the cut end of the shoot to give a 
concentration of 1.5 atm. 
TABLE 39 
Data on photosynthesis and transpiration rates of 
leaves used in the recovery studies 
Leaf No. Photosynthesis Transpiration 
mg. CO2 . dm 
-2 -1 g.H2 0.dm 
-2 -1 
.h • .h 
density Upper Lower 
13th leaf 
High B. 11.17 0.16 1.37 
A. J.68 0.10 0.65 
R. 9.98 0.13 1.Jl 
Medium B. 10.20 0.17 1.29 
A. 3.07 0.09 0.55 
R. 9.68 0.16 1.18 
Low B. 10.65 0.21 1.25 
A. 5.42 0.19 0.78 
R. 10.47 0.19 1.17 
6th leaf 
High B. 6.65 0.08 0.89 
A. 2.02 0 .·06 O .. J4 
R. 6.70 0.04 0.92 
Medium B. 5.96 0.04 0.87 
A. 2.01 O.OJ 0.34 
R. 5.93 0. 0-3 0.87 
Low B. 6.05 0.05 0.90 
A. J.53 0.08 0.51 
R. 6.87 0.08 0.95 
. 
B = Before stress, A= After stress, R = Recovery 
value. 
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4 . Photosynthesis 
The pre - stress value of photosynthes i s of the 13th 
a nd 6th leaves are shown in Table 39. In b o th leaves the 
reduction in photosynthesis under conditions of wate 
s tress was greater in the high and medium density plants 
t h a n in the low density plants (Table 40). Of particula r 
s ignificance was the fact that the 13th and 6th leaves 
s howed differences in their capacity to recove r f r om 
water stress. At all densities the 6th leaf recovered 
c ompletely from water stress. In contrast the 13th leaf 
a lthough being a younger leaf showed incomplete recovery 
a nd the latter effect increased from the low to high 
density plants. 
TABLE 40 
Percentage reduction and recovery of photos ynthesis 
and data on relative leaf water content 
of the leaves of Table 39 
Leaf o. Densi ty 
High Medi u m Low 
lJth leaf 
% Reduction 67 . 0 69.9 4 9.1 
% Recove r y 8 9.4 9 4 .9 98.J 
% R . L.W . C . 78.5 7 9. 2 79.1 
6th leaf 
% Reduction 69. 4 66.J 41.7 
% Recovery 100 100 99.5 
% R . L.W. C. 85 . 6 85 . 9 85 . 8 
97 
Plate 7 
Polyethylene glycol (1540) induced damage to the leaf 
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4e2 Transpiration of both leaf su faces 
Before water stress transpiration rates we re not 
different at the three densities and was lower in the 6th 
leaf (Table 39). Both leaves showed reduced transpiration 
rates under c onditi o ns of water stress. The transpiration 
rates of the 6th and 13th leaves showed differences in 
their recovery fro m water stress. In the 6th leaf 
transpiration o f b o th leaf surfaces showed full recovery 
while in the 13th leaf transpiration of the lower surface 
showed inc omplete recovery and was between 4-9% lower than 
the pre-stress value. 
4.J Relative leaf water content 
Density had no effect on the R.L.W.C. value of the 
recovered leaf (Table 40). It was of interest to note 
that upon recovery from water stress the 6th leaf had a 
higher R.L.W.C. than that of the lJth leaf. 
DISCUSSION 
Al though polyetLy1ene glycol is commonly used as an 
osmoticum the reason for rejecting PEG 1540 is worth 
mentioning. It was noticed that the photosynthetic 
capacity in leaves of the plants treated with PEG 1540 did 
not recover from the effects of water stress after leaching 
the PEG from the rooting medium and allowing the plants to 
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remain in darkness overnight. In the morning upon 
i l uminating the "recovered" leaf, the photosyntheti c rate 
at first inc reased and subsequently declined to about the 
same level as had been reached du r ing wat er stress. In 
a ddition, the leaves showed chlorotic and necroti c 
patches after about a fortnight (Plate 7). These 
observations can be explained as resulting from a 
"plugging" effect of PEG (Jackson, 1962) in the flow path ., 
which prevents recovery from water stress and the chlorotic 
symptoms as arising from the continued conditions of water 
stres s in the PEG treated plant (Virgin, 1965). On the 
other hand, these symptoms could also reflect toxic effects 
of PEG (Jackson, 1962; Woolley, 19 63). 
Mannitol has been used by other workers as an osmo tic 
medium (Jarvis & Jarvis, 19 63; Vaadia & Waisel, 19 63 and 
Falk, 1966 ). It also has drawbacks in that it enters the 
plant (Groenewegen & Mills, 19 60), slowly (Slatyer, 1961) 
and is metabolised in some plants (Trip et al., 1964 and 
Jackson, 1965). The mannitol treated plants did not show 
pathogenic effects as did plants treated - with PEG 1540. 
Another objection which has been raised to the use of 
mannitol is that it is subject to microbial breakdown . It 
is unlikely that the latter effect would be significant 
here because the experiments were of short duration, neve r 
exceeding 5 hours. 
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The reason for selecting water stress as the 
unfavourable environment to compare the response of plants 
grown at different densities was that water forms an 
important environmental factor influencing crop producti ono 
In addition water stress will not only reveal inherent 
differences between leaves but also the combined influenc e 
of any variation in root/shoot ratio, magnitude of the 
water stress developed in the plant and resistances to 
flow of water in plants grown at different densities. It 
is well established that at least one of these plant 
factors; namely root/shoot ratio decreases with increase 
in density (Hiroi and Monsi, 1966). 
The results clearly show that under conditions of 
comparable water stress the photosynthetic capacity of low 
density plants was least affected. This was indicated by 
the greater reduction of photosynthesis in leaves at 
different stages of development in high and medium 
density plants compared with low density plants. Although 
in the early stages of growth there was no differenc e 
between medium and low density plants in - their response to 
water stress this similarity disappeared rather quickly 
with age, as revealed by comparing the data on the young 
6th and 8th leaves of these treatments. The absence of a 
marked difference in the reduction of photosynthesis in 
201 
the high and medium density plants shows that the influence 
of water stress does not increase directly with i ncrease 
i n density. On the contrary, there were ins tan c e s in 
which leaves of high density plants were less affec t ed 
than medium density plants. The observation that 
reduction in photosynthesis was least in low densi ty plants 
may reflect a lesser degree of water stress developed in 
the leaf and/or an inherent capacity of the leaf to 
tolerate greater water stress. 
The experiment on water stressing of detached leaves 
suggests that the leaves of low density plants show 
greater resistance to water stress than leaves of high 
and medium density plants. The technique used to wat er 
st r ess detached leaves is subject to criticism in t h at it 
pe r mitted free entry of mannitol through the cut end o f 
t h e stem into the leaf. However since the purpose of 
the experiment was to compare the response of th e leaf 
und er similar conditions of water stress it is unl i kely 
tha t the entry of mannitol would alter the observed 
e la t ive differences between the densities. The increase 
in photosynthesis in the initial period of water stress 
of th e detached leaf possibly results from dee ea s e d 
stomatal resistance which occurs as an immediate response 
to conditions of water stress (Iwanoff effect). Ja rvis 
I, 
and Jarvis (1963) observed a similar effect on the 
transpiration rates of plants stressed with mannitolo 
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In addition to differences in inherent capacity of 
the leaf to respond to water stress it is also possible 
that differences in the degree of water stress developed 
in the leaf could explain the photosynthetic responses . 
The data on R.L.W.C. is inconclusive on this point $ 
Although in some instances a higher value of R.L.W.C. in 
the stressed leaf was associated with higher 
photosynthetic rate this relationship was not always 
found. The discrepancies on the relation between 
photosynthesis and R.L.W.C. are shown by comparing (a) 
data on the 10th leaf of high and low density plants 
(Table 36), (b) data on the 6th leaf at all three 
densities at 72 days (Table JS), (c) data on the 6th leaf 
of medium density plants at J4 and 72 days (Table JS) . 
The failure to observe a close relation between 
photosynthesis and R.L.W.C. was probably due to the latter 
not providing a good estimate of the water status in the 
plant. Knip ing (1967) studied the relation betwe en 
water deficit and water potential in leaves and noted that 
it changes with age and environment because of differences 
in leaf dry weight, cell wall elasticity and osmo tic 
potential. Knipling (loc. cit.) concluded that these 
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differences reduce the usefulness of water d eficit as an 
estimator of water potential. This could exp l a in the lack 
of a close rela ion between photosynthesis a n d R . L QWeCe 
The variable nature of the increase in leaf 
temperature under conditions of water stress p recludes 
the use of transpiration data as an accurate index of 
stomatal behaviour at the three densities. Nevert h eless 
the decrease in transpiration observed in wa t er s tre s s ed 
leaves despite the increase of leaf temperature , suggests 
that one of the factors responsible for reduced 
photosynthesis was increased stomatal resistance ~ 
Troughton's (1969) observation of a close relation be tween 
increased stomatal resistance and photosynthesis in wa ter 
stressed leaves supports the above comments. Gaa stra 
(1959) suggests that besides increased stomatal 
resistance, the increase in mesophyll resistance in water 
st r essed leaves could account for the reduction in 
photosynthesis. However, according to Troughton (1969) 
significant increase in mesophyll resistance i n otton 
lea es occurs only below an R.L.W.C. value of 75%. Thus 
inc eased mesophyll resistance would not hav e had a 
significant effect under the conditions of water stress 
u s ed in the present experiment, except in the ca se o f very 
severe stress induced in the detached leave s. 
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Of particular interest was the observat ion that 
young leaves showed incomplete recovery whi l e o ld leaves 
showed complete recovery from water stress , irrespective 
of density o Troughton (1969) observed a simi l a r ma gnitude 
of incomplete recovery (less than 15%) in cotton l eav es 
and considered it to result from damage to the stomata o 
The transpiration data of the lower surface of thi s 
experiment also suggests incomplete recovery of the l ower 
stomatao However the reduction of transpiration rate in 
the "recovered" leaves in the high, medium and low density 
plants of 4.J%, 8.5% and 6.4% respectively cannot 
explain the greater incompleteness of recovery of 
photosynthesis in the high density plants. Brix (1962) 
suggests that incomplete recovery from stress was caus e d 
by impairment to the water absorbing and conducting 
capacity of the root systemq The complete recovery s h own 
by the old leaves indicates that it was improbab l e t ha t 
the roots were affected in this experiment o An 
explanation to account for the difference b e tween t h e 
" recovered " photo s ynthetic rate of young - a nd old leaves 
could lie in the observation by Itai and Vaadia (19 65 ) 
that there was a rapid maturation of tissues under water 
stress conditions. The latter effect could have pos sibly 
affected the young leaf and not the old leaf and thus 
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explain their difference in the recovery o f ph otosynth esiso 
On this basis the differences observed in the recovery at 
the three densities suggests a greater ageing e f fect with 
increase in density. 
The observation that the photosynthetic capacity of 
high density plants was more affected under conditions of 
water stress would suggest that under field condit i ons 
where there is limitation of water, two other fa ctors 
would tend to induce a greater degree of water stress and 
consequently enhance the reduction of photosynthesi s i n 
high density than in low density plants: (1) The lower 
value of root/shoot ratio would result in reduced 
absorption of water from a restricted region of the soi l 9 
(2) there wou d be increased interplant competi ti on for 
water o However, compensatory effects which might reduce 
the degree of water deficit developed in high density 
plants could be the reduction of loss of wate r b y 
transpiration and by evaporation from the soi l caused by 
increased shading of the lower foliage and the s oi l 
surface. On the other hand although low d e nsi ty plants 
were less affected by water stress and in addition h ave 
the advantage of absorbing water from a grea ter v o lume of 
soil because of higher values of the root / shoot ratio~ 
great r transpiration and greater evaporation f r om t h e 
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soil surface due to more exposed condi tions of the leaves 
and s oil would fav our higher water defici t in low density 
plants. Hence the observe d diffe rence between high and 
low density plants in their response to water stress in 
this experiment may be significantly modifi ed under field 
c onditions by these other factors. The incomplet e recovery 
from water stress by young leaves could be of greater 
significance in high density plants because they depend 
more on upper, y oung leaves for assimilates than do low 
dens ity plants due to the greater low-light induced damage 
to the older leaves and to poor illumina tion of the lower 
regions of the canopy. 
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CONCLUSIONS 
Stand density can affect the photosynthetic capacity 
o . leaves by influencing the degree of competition for 
water, for light and for nutrientse The experiments 
described in this thesis were confined to a study of the 
e fects arising rom competition for light. 
The results suggest that severe competition for 
light resulting in heavy shading of the foliage, causes a 
relatively rapid decline in the photosynthetic capacity 
leading to foliar abscissions Hence it follows that 
characte istics in the plant which reduce mutual shading, 
such as long internodes, petioles and orientation of the 
lea blades, would reduce low light induced damage to 
leaves in the canopy. It was observed that leaves below 
the compensation point died quickly. In this regard it is 
of interest to point out that it is unlikely that 
pa asitism of leaves below compensation point on the upper, 
avourably illuminated leaves would exp1:_ain reports of the 
ex·stence fan optimum leaf area index (LAI) in crops. 
This point needs emphasis. As an alternative it is 
suggested that leaves just above the compensation point, 
which have a elatively longer life span, may be responsible 
for the reduction in growth at LAI values higher than the 
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optimum. These leaves although neither a liability nor 
much of an asset for the carbohydrate economy of the plant, 
could, by inc easing intraplant competition for nutrients 
and growth substances, reduce growth at high LAI values. 
twas noticed that the above-mentioned damage to 
the leaf was a rested by favourable illumination. Hence 
cu tu al practices which improve illumination of crops 
provide a means o arresting low light induced damage to 
leaves. However the results of Experiment 2 show that the 
sudden increase in the light environment achieved by 
thinning a crop may bring about other changes in the plant, 
possibly hormonal in nature, causing the rapid shedding of 
reproducti.ve structures and thereby loosing the economic 
unit of the crop. The increased shedding of bolls in early 
thinned plants relative to late thinned plants emphasises 
the need to consider the stage of growth of the crop at 
which illumination is suddenly increased. 
It was of interest to note that leaves which 
developed under shaded conditions showed a greater 
resistance to damage under heavy shading than leaves formed 
in u light. Since low light induced damage to leaves 
w·11 be a problem in dense stands an understanding of 




desirab e physiological attribute for which plant breeders 
could look when producing new varieties of crops. 
Contrary to expectation, variation in the degree of 
competition or light at the different densities resulting 
in di ferences in the rate of growth, plant morphology and 
also possibly physiology of the plants, did not affect the 
photosynthetic capacity of late formed leaves. However 
the underlying dissimilarity between the plants grown at 
di ferent densities were observed when the plants or 
detached leaves were subjected to conditions of water 
s res s 9 The low density plants were least affected. 
The observations on low density plants indicate 
that indirect effects arising from accelerated growth 
increased the rate of decline in the photosynthetic 
capacity of leaves during their ageing. The latter 
observation can be explained as resulting from the faster 
loss of 1eaf nitrogen caused by increased intraplant 
competition for nutrients in actively growing plants. 
Although the decrease in nitrogen affected the photosynthetic 
rate a saturating radiation it was without effect at 
nonsaturating radiation levels. This suggests that the 
1 ss of ni rogen may not affect the photosynthetic rate 
o the shaded leaf in the canopy, while on the other hand 
trans er of nitrogen for use elsewhere in the plant could 
benefit it from the point of view of the nutritional 
economy o the plant. 
Among the leaf factors which might influence 
photosynthesis it was observed that stomatal resistance 
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was impo tant. One feature of the experiments which was 
of pa ticular significance was the observation of the 
di ferential behaviour of the upper and lower stomata. 
The upper sur ace showed an increased resistance to passage 
o water vapour in darkness. The upper stomata required a 
greater amount of radiation to attain maximum aperture$ 
The upper stomata commenced to age earlier and aged faster 
than the lower stomatas Investigation of the reasons for 
these di · e ences between the stomata on the two leaf 
surfaces offers a promising field for future work in the 
i .eld of stomatal physiology. 
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APPENDIX 1 
1 . Honeywell pot e n t i ometric recorde ro Honeywell Pty . Ltd . 9 
9 j Woolley Stree t, Dickson 9 Canberra , A oCoT. 
2. Flowstat minor H.K.11 GoAo Platon Ltd . , 
281 Davidson Road, Croydon, Surrey 9 U.K. 
J. Flowmeter ~ Quickfit & Quartz model FMO/ V. 
4 . Gapmeter ~ G.A . Platon Ltd. , 281 Davidson Road , 
Croydon, Surrey , U.K. 
s. Solarimeter . Kipp & Zonen type CM 2/J . 
Delft 1 Holland . 
Kipp & Zonen , 
6. Infra ed gas analyser . Grubb Parsons Model SB- 2 . 
Sir Howard Grubb Parsons & Co. Ltd ~ , Walkergate , 
Newcastle upon Tyne 6, U.K. 
7 ~ Wosthoff mixing pumps. Ho Wosthoff O. H . Go 463 Bochem , 
Germany ~ 
8 ~ Spect r al energy distribution of Philips HLRG lamp 
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Appendix 1.8~ The spectral energy dist ribution of Philips 





The program which was used to compute the results of 
• 




d XS X F X p X 273.16 X 1976.96 
= 
6 760 x 10 x Ax T 
-2 -1 (mg.co 2 .drn .h .) 
where dis the CO 2 -d ifferential corrected for the 
instrument zero in chat units 
s lS the IRGA sensitivity/chart unit (ppm) 
F is the flow rate in -1 l .h • 
A is the area of leaf in sqQ dm. 
p is the line pressure in mm Hg . 
T is the absolute temperature (deg K) 
1976.96 is the density of CO 2 at S.T.P. in 
- 1 
and g.l • 
2 . Transpiration 
T = 
F (H - H ) 
an ref 
A 
-2 -1 (g.H20.drn .h .) 
whee H 
an 
-1 is the absolute humidity analysis line in mg ~l 
and 
-1 Hr f is the absolute humidity reference line in mg . l . 
A is the leaf a ea in sq. dm . 
Fis -1 the flow rate in l.h • 
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H and H f were computed from the mean of wet and dry 
an re 
bulb tempe atures in the analysis and reference lines 
using the equations given by List (1963 ) . 
Stomata! resistan es were calculated by the method 
given by Bierhuizen and Slatyer (1964). 
The program makes provision for the calculation of 
the mean and standard errors of the values computed after 
each successive pieces of data for each of the parameters 
up to a maximum of 7 pieces of data, or for the most 
recent 7 if there are more than this . 
It will also handle replicate experiments and provide 
the pooled means and standard errors for the replicates 
where this is indicated on statistical grounds. It is 
arranged to provide a print out of results with the 
following parameters across the page; Photosynthesis (or 
Respiration) 1 Transpiration (upper surface), Transpiration 
(lower surface) , Transpiration (total), Ratios T1 /Tu and 
P/ T 9 stomatal resistance (lower surface), stomatal 
resistance (upper surface) 9 leaf temperature, air 







100 FORl'ATC1X,•:ALCULAT1J\J JF PrlOTOSY\JTHESIS OR RESPIRATIO'J,TRANSPIRAT 
1!0\J PER SQJA~E CENTl'ltT=R,LEA~ TE~PERATURE*) 
101 FORMATC1H5,~EFFECT OF A]: A'~ D SHADING O\J PHOTOSYNTHETIC LIGHT ~ESP 
10NSE A\JD O\J ST~MATAL dE~AVIOUR,H!LGER I ,R,G,A, USED FOR C0( 2l•l 
102 FUR MATC1rl5,~PRZERO rqJ~Z:~O TRLJZERO•) 
103 FOR MAT(1H5,• M3,CJ2,J1•2 G,Y20,JM-2 G,H20.D'l-2 G,H20.DM-2 
1 SEC,CM•l S:C,C'l-1 DEG ,C E~T LA~GLEYS,M DEG 
2Cc: NT *) 
104 F'OR MAT(1HO) 
105 FOR MATC1X ,•SEQ ?HS,O~ 1EAN T~A~SPN MEAN TRANSP N MEA~ TRANSP\J MEA~ 
1 P/T 'IEA \J RSC 'IEA\J ~SC ~tA\J LEAf MEA ~ LIGHT ~EA~ AIR M 
2EA\J L/J 'IEA'J•l 
106 FOR ~ATC6X,•RESPN, SX J~PER 
1 SX J~PER SX LJ~=R SX 
2 SX•l 
107 FOR MATC2X,r4,1,F10,3,•i,3) 
SX lOWER 




SX TE MP sx 
108 FOR NAT(1X,F~,O,F7,3,3•13,S,F15,5,2F10,3,F15,2,F11,4,F11,2,F1 0 ,3) 
109 FOR MAT(1X, 13,3X,F7,4,3f13,4,Fl5,6,2r10,4, F15,3,F11,5,F11,3,Fl0,4) 
110 FOR ~AT( lX,•L IGH T l~Tc:'J3!TY,A ! R TEMPERATURE,RATIO OF TRA\JSP!RAT!O ~ 
1,L OWER /UPPER SJRFACt,A __ ~ITH MEA ~S AND STA ND ARD ERRORS•) 
111 FOR I' A T ( 1 HO ) 
112 FOR NATC1H5,40X,•CHART \JJ~:3ER*) 
113 F'OR rJ ATCiX,11,, . , • • , , , . . , , , . , , , 
1, . • ••.•• , • , • , , .• , •.• , . . . • , . 
2, , , , •• , • . • •) 
114 F'OR MATC1rl0) 
115 FOR MAT(48X,~3.Q) 
118 FOR MAT(8X,F7,4,3F13,4,Fl5,6,2r10,4,37X,r10.4) 
119 FOR ~AT(1X,F4,0,F7,3) 
120 F0RVAT(1X,F4,0,F7,3,74X,F15,2) 
121 FOR~AT(1X,F4, 0 ,F7,3,100X,·11,2) 
122 ,FOR MATC1X,F4,0,F7,3,74X,F15,2,11X,F11,2) 
123 FOR MAT (lrl5,40X,•POJlEU 'IEANS OF REPl!CATES•) 
124 FOR: AT(1H0) 
200 FOR MAT( 5X,F4,0,1X,•3,0, ~8.4,F9,6,2F~.2) 
201 FOR "1ATC1X ,,4, 0 ,20Xd3,1,5CF5.l)) 
202 FOR MAT(1X ,•4, 0 ,20X,r3,1,3(F'5,1)) 
204 FOq~AT(5X ,F4, 0) 
205 FORYAT(5X ,F3, 0) 
PRI ~T 100 
PR! ' T 110 
PR I 'J T 101 




Pi11 H 112 
Rt:A[' 205, NJ'l:3ER 
Ir <E:8~ ,60)3,117 































































Rtt.J 200 ,:-,;,,A,AK,~AJ=> , ~A:...O 
P (cJ:- , 6J)3 ,1 7 
17 S=l/A 
J=O,loS 
10 P~Z=~0=T~J:>Z=RJ:TR _oz=~J=..,TRJ~Zt~=CTRLOZ=~=" =O 
1 " = '1 ... 1 
~t A: 2 Q l, S:: J , C ·-ll 2 ( '1 l , ..; 13,:; H:>,: 1-i 7, Crib , C o-i9 
P CE:JF , 60)3 ,15 
1s r,,::::,,12<'1> , =J,0>16 ,13 
13 ;,~ZERJ=P~Z=~J•C~12( ~ ) 
TNJ=Crl3•0,5460+0,3330 
~~=:rl7•0,5~50+C,33SQ 
TJJ=:~3•0,5460• 0, 33S 
TJ~~F=:n9•).6460+0 ,3 830 
fr c::::-13,LT,>5>19,21 
19 l·<,-013,LT.:.,7J33 , 49 
21 r,cc-P . u . :-15i,9 ,54 
33 TN~fF=:~3° 0 .646 0 +0,3830 
Dl,F=C-15 - :rl3 
i Q T J 55 
4 9 in~t=-=:h7o0 . 5460 • 0,S8SO 
O!FF:..,15-c-,7 
GO TJ 55 
54 TM;,c=-=:H5•J .6 460 • 0,39SO 
l :::- F = J 
06/11/09 
55 V?.~J = SAT:,qESS(T~J)-0 , 00066•P•CTDU-T~J)•<1•0 , G0 115•T ~Ul 
rlU'1~P=0.62?ovPTCJ /(=>- v=>i0Ul•1,2929•273,l6/ (2 7S,16+TJJ)•C?-Q .3 733 
1• VPTJJl•l,3 157894 
VPT:~ = SAT=>~ESS(T~ ~l- O, J0066°;,•(T~U-Tn~l•<l•C , G0 115• TJLJ 
~J~LJ : 0 , 622•V;,TJ~/C=>-v~1J_l*1,2929o273,16/C273,16 • TJU)* ( P-. 37d3 
l*V;,TD~l*l,3157994 
V~T-~E=-=SAT:>RESSCT~q= - l-J,OJ066~:>•(TJRE~ - T~REF )•C1+0,00115•·nREFJ 
rl u ':;:: ;- : . 6 6 2 t v PT C 1 E: I < J - -./::, CR= - l O 1 . 2 9 2 9 * 2 7 3 . 16 / ( 2 7 3 , 16 + TD~ E F l * C P-
l1,3783 • v ::> T JR::F)•1 ,315 l 3 t 4 
TRJ?(~l=;-•(~~MGP - HJ~1=:l* 
CT~ LJ ::>(~l=HJ~JP - HJ~R=: 
TR_CC~)=:•c~J~~O-HJ~~=,J•J 
CT~LJC1)=~J~_o - HJ~~ =F 
TkJPZ=~O=T::iJo'ZEFJ • T~PC '1) 
CTR0:>z::R = :TRJPZE1 • : JRJPC~l 
TR_OZrRG = '~LJZ::RJ + T~_J(~) 
CTR~JZ::R: :TR_CZE1 • :r~"JC~l 
~J TJ 1 
16 P~ZER- : PRZ:PJ/(~-1) 
Ti-<JPZE:Ru = ·~ 1.., :iz::RJ/( '-1) 
c-R 0 =>Z::R=CT:iJPZc~/(~ -l l 
R-~Z~RO : TRLJZ::RJ/(~-l) 
CTR_JZ=R=CT:>~QZ~R/(~~1> 
P~J· . r 102 
P~j· T 111 
?RI' T 107,::>RZERC,TRJ::>~ERJ,T~LJZ=RJ 
Pl'/! ' T 103 
P~!' T 104 
P~l' T 1(5 
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2 M = '1 + 1 
PcAO 202,Sc),C,12('1),~,3,CH5,~H7,CH8,CH9,~rl10,CH11,C,4 
P CEOF,60)3,24 
24 I" (C,12C~).cQ,0)12,lU04 
12 L=L-1 
GO TJ 10 




GO TJ 57 
51 AIRTP('1l=C~4*0,6460 + 0,3330 
57 JFC'.::,10,c0,J)52,53 
52 Lrff'1('1)=0 
GO TJ 40 
53 LfT~'1('1)=C~lC•0.6460 + J,J830 
40 PRC M ):(=>~z~RO-:H12('1)l*C•AK•100 
Jr <C,4,E::J,Jl43,44 
43 PCC,10,::0 , Gl45,46 
44 P(CH10,cCl,Ol47,48 
45 PRJ~T 119,S;Q,PR(M) 
GO TJ 18 
46 PRl'JT 120,S=::J,PR(Ml,L·T='1("1) 
Gu TO 18 
47 PHl,T 121,5;::J,PR(~) ,Al~ T::>(M) 
Gu TO 18 
48 PRPT 122,S::J,PR(M),1..•T:'1(M),Al~T 0 (M) 
18 l~C",GT,7)41 1 42 
41 PAR(J,_,ll=::>AR(J,L,lJ~=>~( i~7)+PHC ~) 
PA~(J,_,16):PA~(J,_,1)*),1428571 
GO TO 2 
42 P~~CJ,1..,1):::>AR(J,L,l)+::>~('1) 
PARCJ , 1..,l6J~PARCJ,~,ll/'1 
GQ TO 2 
11 JFCC,4,E::J,0)5,7 
5 AIRTPC'1)=0 






TU~EF=:H9•J, 5460+0, .58.SO 
Lr Tf;'1( '1):C..,1'.l*:l,645J+0,3830 
LIGHT( ~)=C~ll*J,00529 
PH( ~ l=(::>~ZERO-:Hl21'1ll•C•A~*100 
VPTJJ = SAT=>~ESSIT~U)-O,J0066•P•(TDU-T~JJac1+C,00115•T~Ul 
HU'1UP=0.622~vPTDJ /(?- v=>fDUl•l,2929•273,16/(273,15•TDU)•(P-O.J783 
l* VPTJJ)*l,3157894 
VP":1.. : SAT=>~E5SCT~1..)-Q,J0066•P~<'Dv-Tw1..l•C1•0,00115•TwLl 
HJ~LO = 0,522•v?TJ~;c=>-v~TU~)*l,2929•213,16/(273,16•TSU)*(P-.3783 
l•VPTDLl•l,3157594 

























































"II::; t: iv J, 3 
l\J 
O' 
r 5. 3 t: D 06/11/69 
HU'1REF=,662*VPTDqE>/(~-vjrDRE• )*1,2929•273,16/(273,16+TDREF)•CP-
10,3793•VPT~~!::F)•1,31578~4 
T Ii JP < ~I > :: F • < .., U '1 U;, - -, J '1 -< :: • > * U - T RU P Z !:: R 0 
CTR UP ('1) = CrlU'1U~ - rlJ'1i::•) - CrRUPZl::R 
TRLJ('1)=F•C~U'1LJ - rlU'1~::=)•U-T~LJZ!::RO 
CTRLOC"I) = (o,U"1LJ - HJ'1i::·) - ClRLOZER 
TRULC '1)=TRUP( '1)<-TRLO( '1) 
PT< M)=PR( M)/T~J_( '1)*0 , 001 
H u ·~ I 'I T : 0 , 6 6 2 • S A T j K E ::; 3 C .. , T I: '1 C M l l / C P - S A T P R E S S ( L F T E ·I < '1 ) l ) • 1 , 2 9 2 9 • 
12/3,16/C273,16+LFT::'1('1 ) )•CP-Q.3183•SATPRESS(LFT~M('1)))*1,3157894 
RSUPC('1) = C((MU'1l'if-C1J"liEF+CTRJP(M) ))/(TRUP('1)•2,777777)) l 
1 * l. 68 
RS._OC('1)=( C CrlU'1I'IT•(rlJ'1i::·•CT~LJ(Mll l/(TRLJCM)*2,777777)) 
1*1,69 
RATLJ('1l=RSJ?C(Ml/1SLJCC'1) 
~Rl'JT 108,S:'.J, 0 Rc '1l,HUP( i~) , TPLO( Ml,TRUL( M) , PT( 
1 M , , R s u ;, c , 11 > , R s L o c < '1 > , _ , r = '1 c 11 , , L 1 :; H r c M , , ,1 1 R r P < M , , R A r L J < M , 
P('I.GT.7 )23 , 25 
23 PARCJ,'",ll=jAR(J , L,1)-PR( ~-7J•PRC ~l 
PAR(J,_,2)=;,AR(J,L,2)-TRPC '1-7l•TRUP( M) 
PARCJ,._,3):jARCJ,l,.5) - T,_J( '1-7)+TP.LO( M) 
PAR (J , L,4)="ARCJ,_,4)~TiJL( '1-7l+TRUL( '1) 
PAR(J,_,5):jAR(J,L , ,)-PT( '1-l)+Prc '1) 
PARCJ,L,9l=~AR(J,L,~) -_ ~T=MC '1 - 7l +LFT!::'1( M ) 
PAR(J,i..,lO)=PAR(J, .. ,lOl - _JGHT( '1-7l +l!GrH( M ) 
PAR(J, _ ,11)=PAR(J, .. ,11l-A!RTPC '1-7l • A!RTP( M) 
PARCJ,~,6):PAR(J,L,6)-RAT_U( '1-7)+RATLU( r ) 
PAR ( J, L , 7 l : ::>AR ( J, L , 1 ) - R 3 J-' C ( M - 7 l +RS UPC ( 11 ) 
PARCJ,_,8)=~AR(J,L,8l-~S.JCC'1-7)+RSLOC ('1) 
DO 27 \J=16,26,1 
27 PAR(J, .. ,\J):::>AR( J ,L,r-..J-15)ci0,1428571 
GO TO 2 
25 PA~CJ , l,ll="AR(J,L,l)+~R( 
PAR(J,_,2)=jAR(J,l,2)+nJ=> ( '1) 
PAR(J,-,3):jAR(J,L , 3)•TRlJ C '1) 
PAR(J,.,,4):jAR(J,l,4)+TiJ1.. ( '1) 
PAR(J,-,5l=jAR(J,l,5)+;,T ( '1) 
PARCJ,_,9):::>AR(J,L,9)+_:fcMC '1) 
PAR(J, ... ,10)=PAR<J,_,10)+ .. !G>1T( '1) 
PARCJ,1..,lll=PA~CJ, ... , ll)+A IRTP(M) 
PARCJ, .. ,6)="AR(J,l,6)+~4LU< '1) 
PARCJ,.,,7):jAR(J,L,7)+~SJ-'C( '1) 
PAR(J,~ 1 8):::>AR(J,L,8)+RS_JC(M) 
V=1/rLJAT('1) 
DO 29 '1=16,26,1 
28 PMl(J,_,'i):jAR(J,L,'1~15l•v 
GO TJ 2 
14 CO\JTINJE 
PR I ~I T l O 9 , - , P A R C J , - , 1 c, ) , j A R C J , L , 1 7 l , P A R C J , ._ , 18 ) , P A R C J , L , 1 9 l , P AR < J , 
lL,20),jAR(J,L,22),=>A~(J,_,23),P A;)(J ,L,24),PAR(J,L,25),PAR(J,L,26) 1 2PARCJ,-,21l 




































































GO TO 26 0251 
4 !f(CH?,GT,99,8)36,20 0252 
36 PRI~T 123 A252 
PRl~T 124 8252 
!=1+~-l 0253 
~=o 0254 
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PRI~T 124 A25Y 
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